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First demonstration of laser emission from a VECSEL 

incorporating multiple InP quantum-dot-layers inside the 

active region for the generation of visible light in the 

700-760 nm range.   

 

 

 

Generation of visible light at 593 nm via sum-frequency 

non-linear conversion inside a QW-based VECSEL cavity 

in combination with a single passing solid-state-laser beam.  

  



 

 
 

Abstract 

 

 This work discusses the design and characterisation, together with the first 

demonstration of quantum dot based vertical external cavity surface emitting lasers 

(VECSELs). The author had the opportunity to research InAs/GaAs submonolayer 

quantum dot based devices of the first growth campaign, designed for emission at 

1040 nm. These devices suffered from a very short lifetime. Conclusions drawn from 

the characterisation work helped to improve the fabrication process, which led to 

more stable devices. Following this initial work, InP quantum dots embedded in 

GaInP quantum wells were used as gain layers in (AlxGa1-x)0.51In 0.49P VECSELs for 

the first time. These devices showed fundamental emission around 730 nm, a 

wavelength region which could not be addressed by surface emitting laser devices so 

far. InP quantum dots and their fabrication are not nearly as well researched as their 

InAs/GaAs counterparts. It is thus not surprising that the characterised structures 

suffered from a rough surface morphology, which could be related to non-coherently 

strained dots. Difficulties to match the designed resonances to the peak quantum dot 

gain also limited the laser performance of these devices. Nevertheless, the first 

demonstration of laser emission proves the feasibility and further development in 

growth might lead to major improvements in future. 

In a parallel project, generation of visible yellow-orange light was achieved 

utilising the high intra-cavity powers of a 1060 nm quantum well VECSEL in 

combination with the single passing 1342 nm beam from a diode pumped solid state 

laser. A non-linear crystal, cut and periodically poled for quasi phase matched sum 

frequency mixing was placed inside the high finesse VECSEL cavity for efficient 

conversion of coherent light at 593 nm. 
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Chapter 1: 

1 Introduction 

Introduction 

 

Vertical external cavity surface-emitting lasers (VECSELs) are a relatively new laser 

format. First demonstrated in 1991 by Jiang et al. [1], they are closely related to the 

vertical cavity surface emitting laser (VCSEL), which was first realised in 1979 by 

Soda et al. [2], depicted in Fig. 1-1 b). The surface-emitting format of VCSEL 

devices, where a very thin active region is sandwiched between two high reflecting 

mirrors (usually monolithically grown) leads to a low laser threshold current density 

and the generation of near diffraction limited output beams, advantageous for e.g. 

efficient coupling of light into optical fibres for telecommunications. They are 

fabricated on a wafer scale, and thus can be mass produced. Quality control is done 

without post growth processing, which makes the fabrication cheap. High 

“wall-plug” efficiencies, together with their superb output beam profile have 

contributed to their commercial success in recent years. Despite the advantages of 

this cavity design, it restricts the maximum output power to the mW range, due to the 

very short cavity length, high reflectivity values of the two fixed cavity mirrors and 

small apertures, required to achieve high beam qualities [3].  

VECSELs are able to overcome these limitations by replacing one of the integrated 

high reflective mirrors with an external output coupler and using optical pumping 

schemes for carrier excitation. They combine the previously mentioned advantages 

characteristic to VCSELs with the high output powers and external cavity 

arrangement characteristic of solid-state lasers.  

Since the first demonstration of VECSELs, a very steep curve in structure 

improvement and application versatility has been achieved, recently summarised in 

different publications by Calvez et al. and Schulz et al. in [4,5] and a book 

“Semiconductor Disk Lasers” [6]. Commercial products have also emerged for a 
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variety of different applications for science, communication, medicine, forensics and 

displays. They have also started to replace expensive and bulky solid-state and gas 

laser systems in some areas. Due to the very close relationship to VCSELs, together 

with the confusion caused by the similarly sounding acronym, different names have 

come into use. In the literature, VECSELs are also known as optically-pumped 

semiconductor lasers (OPSLs) or semiconductor disk lasers (SDLs). Herein the 

acronym VECSEL is used throughout.  

This chapter provides an overview of semiconductor lasers, how they function and 

the development of the VECSEL format from edge emitting diode laser devices (see 

Fig. 1-1 a). Reported VECSEL structures are summarised using quantum well and 

quantum dot active regions, with respect to their maximum output power and 

emission wavelength, both for fundamental emission and non-linear frequency 

conversion. Further important recent developments using the versatility of the 

VECSEL format are also summarised. The chapter concludes with an outline of the 

following chapters.  

 
Fig. 1-1 Comparison between basic schematic of electrically injected a) edge 

emitting diode laser structure and b) VCSEL with indication of the epitaxial growth 

direction and output beam characteristics [7].  
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1.1 From the diode laser to the VECSEL 

 

This work deals with group III-V semiconductor devices fabricated by Metal Organic 

Vapour Phase Epitaxy (MOVPE). The following introduction presents a short 

discussion on the development of semiconductor laser devices from the diode up to 

the invention of the VECSEL.  

 
Fig. 1-2 Left: Atomic energy levels as a function of atomic separation in a bulk 

material with N atoms [8]. Right: Schematic of the energy level/band distribution, 

with radiative photon transitions present in an atom (left), bulk semiconductor 

(middle) and an epitaxial quantum dot (right) [9]. 
 

A solid-state crystal is a structure of N atoms, ordered within a periodic lattice. Each 

of these atoms consists of a positively charged atomic nucleus, surrounded by 

electron orbitals. Inner electrons are tightly bound to the nucleus and effectively form 

a positively charged ion. Electrons from the partially filled outer orbitals are called 

valence electrons and define important properties, such as the chemical binding and 

carrier transport behaviour. The formation of energy bands can be understood as 

illustrated in Fig. 1-2 left, where E1 and E2 denote the electron ground state and 

excited state respectively. If the distance, d, between neighbouring atoms within a 

periodic crystal consisting of N atoms is large, the atoms can be regarded as isolated 

and the energy levels are degenerate. A reduction of the distance between the atoms 

causes an increasing overlap of the electron wavefunctions. Pauli’s exclusion 

principle forces the N-fold degenerate levels to split into an energy band of N closely 

spaced levels. The ground state levels E1 corresponds thus to the valence band and 
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the excited state E2 to the conduction band [8], also shown in the schematic of Fig. 

1-2 right.  

 
Fig. 1-3 Energy bandgap vs. wave vector for Silicon (Si), being an indirect and 

Gallium Arsenide (GaAs) a direct semiconductor. Electrons occupying the upper 

and holes the lower energy state are denoted by – and + signs. EC and EV mark the 

band edges of the upper (conduction) and lower (valence) band respectively. The 

Bandgap energy is denoted as Eg [10]. 
 

A way to analyse the band structure in the vicinity of a band maximum or minimum 

of a group III-V semiconductor is the application of the k·p method [11]. Valence 

electrons are delocalised in a semiconductor and can be described by Bloch 

wavefunctions, taking the periodic potential of the crystal lattice into account. 

Substitution of the wavefunction into Schrödinger’s wave equation gives the 

eigenvalues of the electron energy, E, in dependence on the momentum, k. For group 

III-V semiconductors with the crystalline lattice structure in the zincblende 

configuration the conduction and valence bands can be described by atomic orbital 

models. The conduction band is s-like and the valence band p-type in nature, being 

split into three distinct subbands, the heavy-hole (hh), light-hole (lh), and the 

spin-orbit split off band (so). Fig. 1-3 shows the calculated energy-momentum (E-k) 

relationship for Silicon (Si) and Gallium Arsenide (GaAs), having an indirect and 

direct transition respectively [10]. The single conduction and three valence bands are 

depicted for GaAs, where the so-band is separated from the hh- and lh-bands. The 

hh-band is the ground state in an unstrained III-V semiconductor. As shown in this  
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Fig. 1-4 Left: E-k relationship of the conduction and valence band. Hashed regions 

denote states occupied with electrons. Middle: Occupation probability   (  ) and 

  (  ) of the conduction band and valence band.   ̅  (    ) and denotes the 

occupation probability of hole states in the valence band. Right: Condition for 

achieving net gain in a semiconductor.    
 ,    

 are the quasi-Fermi levels and   
 , 

  
 are two energy levels in the conduction and valence band respectively with the 

energy separation h[12]. 
 

figure, the energy-band structure of a semiconductor has an energy bandgap,   , 

being the minimum separation between the conduction and valence band edge, 

denoted by     and    . In this region the presence of electrons is forbidden. In case 

of a direct bandgap semiconductor, the electrons and holes near the conduction and 

valence band edge respectively have the same momentum and recombination can 

occur directly by the emission of a photon. Non-radiative recombination is dominant 

in indirect bandgap semiconductors, as direct radiative transitions are much less 

likely. The recombination process requires an intermediate momentum transfer from 

the electron to the lattice atoms in form of vibrational energy (i.e. phonons), 

increasing the temperature. Thus laser devices are based on direct bandgap 

semiconductors. The population of the conduction and valence band with electrons 

and holes respectively is also depicted in Fig. 1-4, where free charge carriers can be 

generated by optical or electrical excitation. Energy bands make carrier excitation in 

semiconductors very flexible as the number of transitions corresponds to the 

available number of states in either the conduction or valence band. Fast intraband 

relaxation processes (~1 ps), such as electron-phonon interactions reduce the energy 

of these excited carriers until they reach the lowest available state, where they are 

stored for a time range of ~1 ns before they recombine radiatively. This much longer 

upper-state lifetime, compared to the intraband relaxation time, creates a 

quasi-equilibrium of the carriers within the bands, even though the overall system is 
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not in a state of thermal equilibrium. The boundary between occupied and vacant 

states within the band is called quasi-Fermi level,   
 .   

  increases with carrier 

density. The probability that a state within the conduction or valance band is 

occupied with an electron is   (  
 ) and   (  

 ) respectively:  

   (  
 )  

 

     [(  
     

 )    ⁄ ]
 Equation [1-1] 

   

and 

   (  
 )  

 

     [(   

    
 )    ⁄ ]

  Equation [1-2] 

   

where     is the thermal energy incorporating Boltzmann’s constant and crystal 

temperature. The probability that the holes occupy the states within the valence band 

is    ̅  (    ) as shown in Fig. 1-4 middle. The right hand side of this figure 

shows the case where net gain is achieved.   
 ,   

  are two energy states within the 

conduction and valence band with the energy separation hυ. These energy levels lie 

between the band edges and the quasi-Fermi levels    

 and    

 . The general 

condition for net gain is   (  
 )    (  

 ) and it can be shown that this corresponds 

to: 

   
    

     

     

 
 Equation [1-3] 

   

This is the case, when the stimulated emission exceeds the absorption rate, which is 

fulfilled if the upper state   
  lies within a zone, which is occupied by electrons and 

and   
  within an empty one. The energy separation between these two states is larger 

than the bandgap energy, thus:  

    (  
    

    )     

     

 
 Equation [1-4] 

   

   

     

     is called transparency condition, where the absorption is equal to the 

stimulated emission rate.  

It is important to state that the effective mass of the holes in the valence band is 

much larger than that of electrons in the conduction band for III-V semiconductors. 

According to this asymmetry, the density of states is larger in the valence band and 
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the quasi-Fermi level enters the conduction band before it can reach the valence band 

edge. In order to achieve transparency, higher carrier densities are required [12]. 

Improvement can be achieved either by: 

 p-type doping, where the Fermi level is brought closer to the valence band 

edge 

 misfit strain, changing the band structure and thus the effective mass of holes 

in the valence bands [13] 

 
Fig. 1-5 Heterojunction between a p- and n-type semiconductor. No bias (left) and 

forward bias (right) applied. WD represents the depletion layer width. EC, EV and EF 

are the conduction band edge, valence band edge and Fermi level energy. Ln, Lp are 

the diffusion length n, p the upper state lifetimes of electrons and holes 

respectively. h is the photon energy [14]. 

 

Doping is a way to alter the electrical properties of a semiconductor and is required 

primarily for electrically-pumped devices. Doping changes the majority carrier 

density, creating p- or n-type semiconductors. This shifts the Fermi energy,   , from 

the bandgap centre (undoped) towards the valence band (p-type) or conduction band 

(n-type) edge respectively. Bringing an n- and p-type semiconductor of the same 

composition into contact, creates a heterojunction as depicted in Fig. 1-5 [14]. The 

depletion layer,   , marks the transition region between p- and n-type nature, where 

the holes and electrons near the junction diffuse into the region of opposite 

conductivity type, creating a high resistivity area depleted of free carriers. When no 

bias voltage is applied to the junction, the depleted area experiences a potential, 

called diffusion voltage   , created by the dopants within the region. The Fermi 

energy,   , in this case is constant throughout the junction. This potential is a barrier 

for the free carriers, preventing them from diffusing into the region of opposite 

conductivity type. Application of a bias enables the control of the barrier height such 

that a forward-bias decreases the potential barrier. If the applied forward-bias is high 
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enough carriers can overcome the barrier and diffuse into the region of opposite 

conductivity type, where they are able to recombine radiatively, Fig. 1-5 (right). The 

mean diffusion length is depicted by    and   with upper state lifetimes of    and    

for electrons and holes respectively. This figure also illustrates that the distribution of 

the carriers depends on the diffusion length with the carrier density decreasing with 

distance from the depletion region. In terms of semiconductor laser structures, this 

allowed pulsed laser action to be achieved only at low temperatures with high  

threshold current densities. The first semiconductor heterostructure laser used an  

electrically pumped heterojunction between p- and n-doped GaAs and was published 

by Hall et al. [15] in 1962 (only two years after the first demonstration of laser 

emission by Maiman et al. [16] using a ruby crystal). A way to improve this was the 

development of the double-heterojunction (DH) or double-heterostructure (DHS) 

depicted in Fig. 1-6 (left), where a lower bandgap semiconductor of thickness     

was sandwiched between higher bandgap compounds (barriers) to confine the  

generated carriers within a defined region, increasing the carrier density and thus  

decreasing the threshold current density. The appearance of the 

double-heterojunction allowed a more efficient carrier and optical (waveguiding) 

confinement and continuous wave (cw) room temperature emission was reported in  

the 1970 e.g. [17]. The thickness     of these confinement layers was still large 

with respect to the de Broglie wavelength (λ = h/p) of free charge carriers, where h is 

Planck’s constant and p the momentum [18]. Reduction of the     to thicknesses in 

the range or smaller than the de Broglie wavelength (10 nm), confines particles to 

discrete energy levels within the conduction and valence band, illustrated in Fig. 1-7 

for different degrees of quantum confinement. On this basis, van der Ziel and Dingle 

et al. introduced the quantum well (QW) based diode laser in 1975 [19,20] which 

allowed a further improvement of semiconductor laser devices. Control of the QW 

thickness and lattice mismatch (strain) allows for more flexibility to set the emission 

wavelength aside from the choice of material composition.  

Fig. 1-6 (right) shows carrier relaxation of excited charge carriers from the barrier 

states into the QW ground state via phonon emission, from where they recombine 

radiatively.  



Chapter 1: Introduction 
 

9 | P a g e  

 
Fig. 1-6 Left: Forward-biased double-heterojunction with width WDH. Right: 

Schematic of a relaxation process of free charge carriers from the barriers into the 

confined states, i.e. of a quantum well [14]. EC and EV are the conduction and 

valence band edge offsets between the barrier (larger bandgap material) and the 

QW. E0
e
 and E0

hh
 stand for the difference between band edge and ground state 

energy in the QW conduction and valence band respectively  

 

Theoretical and experimental studies on gain sheets with confinement in zero (bulk), 

one (QW), two (quantum wire) and three (quantum dot) dimensions were undertaken 

in the 1980s. Asada et al. [21] studied the development of the threshold current 

density with increasing dimensionality of confinement; Arakawa and Sakaki [22] 

studied the temperature stability of the threshold current density with increasing 

confinement. These groups concluded that the increasing confinement leads to an 

increasing localisation of the density of states closer to the band edges (see Fig. 1-7), 

resulting in a: 

  higher material gain, 

 lower transparency and thus lower threshold carrier density,  

 higher thermal stability.  

 
Fig. 1-7 Left: Calculated material gain for QDs (quantum box), quantum wire, QW 

(film) and bulk. Right: Density of states for increasing quantum confinement. 

Graphs taken from [21]. 
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A breakthrough in the fabrication of quantum dot (QD) based lasers occurred in 1993 

by Ledentsov et al. [9], where InGaAs islands were grown in GaAs, sandwiched by 

AlGaAs and optically excited. Fig. 1-8 gives an illustration of the evolution of the 

room temperature threshold current density of semiconductor lasers with time, where 

advances in fabrication techniques and carrier confinement have enabled on-going 

reduction of the threshold carrier density.  

 
Fig. 1-8 Evolution of the threshold current density of semiconductor laser diodes 

with time and increasing quantum confinement. Graph taken from [9]. 

 
 

Fig. 1-1 compares the basic structural and output characteristics of 

electrically-injected vertical cavity surface emitting lasers (VCSELs) with respect to 

edge emitting diode lasers and puts this in relation to the direction of epitaxial 

growth. The direction of optical emission for an edge-emitting device is parallel to 

the gain layer. Electrical injection occurs via stripe contacts at the bottom and top 

layer. The reflectivity of the cleaved facets is around 30 % for GaAs or InP based 

devices and usually high enough to achieve laser emission; coatings to increase the 

reflectivity can be applied to reduce the threshold current density. It is also apparent 

from the figure that the output beam is elliptical in shape as it suffers from diffraction 

due to the very thin gain layer thickness in the growth direction, resulting in an 
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astigmatic and divergent mode profile. The length of the cavity (a few hundreds of 

micrometres) causes also multiple longitudinal modes. 

Taking the simplified version of the threshold condition of a laser device into 

account the threshold gain can be calculated according to [12]: 

 
            

   (
 

    
)

  
  

Equation [1-5] 

   

Where     is the gain required to reach threshold,        are the combined cavity 

losses due to scattering, estimated to be around 10 cm
-1

 for this example.   is the 

device length in the range of 300 μm and is equal to the length of the gain region in 

an edge emitter.    and    are the reflectivities of the cleaved edges. The low optical 

confinement factor,   of 0.016 is defined by the gain layer thickness and the 

waveguided optical mode size in the direction perpendicular to the QW plane (for a 

10 nm thick QW and a mode diameter of 1 μm according to                 ⁄ ). 

The threshold gain for the given values is around 3000 cm
-1

.  

The development described so far was for edge-emitting devices as shown in Fig. 1-1 

a). If a surface-emitting device is considered such as shown in Fig. 1-1 b), where the 

optical field resonates in a direction perpendicular to the layer plane providing the 

gain, reflectivity values > 99 % are required to reach the same threshold condition. 

Such high reflectivity values cannot be achieved by metal mirrors. The active region 

is thus sandwiched by distributed Bragg reflectors (multi-layer stacks of high and 

low refractive index layer pairs with layer thicknesses of λlaser/4n, where λlaser is the 

laser emission wavelength and n the refractive index of the layer). The total gain 

layer thickness,  , is only ~10 nm for a single QW (to use the same thickness as in 

previous example). Due to the very short interaction length between the optical field 

and the carrier distribution, resonance effects are applied in order to enhance the 

oscillating field and optimise the overlap. This scheme is called resonant periodic 

gain (RPG), described by Corzine et al. [23] and for enhanced modal gain (g·Γ). The 

optical confinement factor, Γ, is considered to be close to 2 in this case, if the thin 

QW is placed at the field antinode.  
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Surface-emitting laser devices were demonstrated first in 1966 by Stillman et al. [24] 

where gain was provided by a very thin CdSe sheet, pumped by a GaAsP diode laser. 

This idea was further developed and lead amongst other things to the realisation of 

the electrically-injected vertical cavity surface emitting laser (VCSEL) shown in Fig. 

1-1 b) by Soda et al. [2]. Advantages of the short interaction length in this surface 

emitting devices are a low laser threshold and the avoidance of spatial hole burning. 

Diffraction-limited, circular transverse mode profiles can be achieved by the 

adjustment of the output aperture in the top contact to the cavity mode size. This, on 

the other hand limits the maximum achievable output power to only few mW. The 

large longitudinal mode separation due to the very short cavity length can also be 

used for single longitudinal mode oscillation [3].  

Optically-pumped semiconductor thin-disk lasers or VECSELs are very similar to 

VCSELs, but offer a range of advantages, which are discussed in the following 

section. 

 

1.2 The VECSEL (basic configuration and properties) 

 

The development of VECSELs really took off in the mid 1990’s due to advances in 

epitaxial growth techniques. In 1997 Kuznetsov et al. [25]  realised and established 

the structural concept of these devices as a distinct class of semiconductor based 

laser. A schematic of the bandgap structure of a VECSEL subcavity and a laser  

cavity arrangement is shown in Fig. 1-9. The principle of operation is depicted on the 

right hand side. Compared to electrically-injected VCSELs, VECSELs are usually 

Optically-pumped and one of the integrated top DBRs is replaced by an external 

output coupling mirror, leaving only one DBR topped by a gain region. This explains 

the frequently used term: “gain mirror”. The pump is absorbed within the active 

region (pump absorption barriers), where the carriers relax into the active layer 

states, from where they recombine radiatively. The energy released during the 

relaxation processes heats the structure; the heat sink illustrates necessary thermal  
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Fig. 1-9 Principle of operation of a VECSEL. Left: Bandgap structure for 

conduction and valence band, divided into the DBR, active and 

window/confinement region. Carrier excitation, by pump absorption within the 

barriers and radiative recombination within the gain layer states is also illustrated. 

Right: Laser cavity arrangement, showing thermal management via heat sink, 

optical pumping and intra-cavity elements.  
 

management for heat extraction. The external end mirror concludes the laser cavity, 

allowing cavity adjustment for power scaling and access to the intra-cavity field for 

beam processing, such as transverse mode and wavelength conversion, tuning, low 

noise non-linear mixing, single frequency operation and stable mode-locking, etc. 

Furthermore the semiconductor nature makes emission wavelength engineering 

possible by the choice of material composition, layer thickness and strain of the gain 

layers; usually the gain is provided by quantum wells, but recently, as described in 

this thesis, multiple layers of quantum dots have been used. Unlike VCSEL 

structures, VECSELs are power scalable up to currently 20 W from a single gain 

chip in the fundamental TEM00 mode as stated by Rudin et al. [26]. The left hand 

side of Fig. 1-9 shows the conduction and valence band structure of the subcavity, 

divided into the DBR, active and window/confinement region. The DBR has a high 

reflectivity stopband, centred at the laser emission wavelength. The active region 

consists of the pump absorption barriers and gain layers with a lower bandgap. Gain 

layers are positioned at the electric field antinodes (illustrated by the red dashed line) 
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for resonant periodic gain. Generated charge carriers are confined within the active 

region by a transparent window layer. A capping layer may also be used to prevent 

oxidation of the underlying layers.  

Optical pumping makes doping unnecessary, removing some of the constraints on 

the fabrication process with respect to electrical and thermal management, oxidation 

and passivation but also electrical contacting.      

Reasons for the success of VECSELs lie in the intrinsic properties of these devices 

summarised in Table 1-1. In summary, these laser structures combine the flexibility 

to choose the emission and pumping wavelength, together with a broad spectral gain 

bandwidth and short carrier lifetime [27], intrinsic for semiconductor lasers, with the 

high power and outstanding beam qualities of conventional solid state lasers [6]. 

Furthermore, standardised fabrication processes allow wafer-based mass production 

of these so called gain mirrors, which reduces the cost of the end product with 

respect to solid state or gas lasers.  

Recent developments have been driven by constant improvements in  

 Growth quality: Increasing the device lifetime and laser performance.  

 New compounds and gain structures in order to increase laser performance 

and establish access to new wavelength ranges. A large variety of material 

compositions is now available for these purposes. Replacement of the QWs 

with QDs as gain materials contributed as well to this development. Wafer 

fusion of dissimilar material compositions is another possibility.  

 Improvements in thermal management such as the use of thermal heat 

spreaders and thinned devices [28].    

Non-linear frequency conversion is a further way to extend the wavelength coverage 

of VECSELs into the near-UV, mid-IR or Teraherz range which will be discussed in 

the following part of this chapter.  
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Semiconductor based 

 Monolithic fabrication Integration of mirror and active region 
 Wavelength engineering  Emission wavelength set by material composition, strain 

and layer thicknesses 
 Broad absorption bandwidth Choice of optical pumping source easy 
 Broad gain bandwidth Wide wavelength tuning, short pulses 
 Coupled gain Single mode operation 
 Short carrier lifetime Stable laser emission, low noise levels, no energy stored 

in gain material 
 Non-linear conversion Stable, low noise emission due to single mode & short 

lifetime 

External cavity 
 Arrangement versatility Single transverse mode, optimised pump and cavity 

mode matching/power scaling, intra-cavity focus 
adjustment, optimised output coupling,  single 
frequency etc.  

 Intra-cavity elements Beam processing, wavelength tuning, frequency 
conversion etc. 

 Extended cavities Cavity dimensions can become large 

Other attributes 
 Surface normal arrangement Very short absorption length, pump and cavity mode 

easy to match due to small interaction length 
 Usually optically-pumped No doping, no metal contacting, no post growth 

processing necessary 
 Usually optically-pumped Optical pumping scheme necessary 
 Thermal management Large heat load introduction into small area, thermal 

rollover, power limitations 
 Low gain  Sensitive to losses, low optimum output coupling 
 Generic design  

Table 1-1: Overview of important VECSEL properties  
 

 

1.3 Spectral emission wavelength coverage of VECSELs  

 

As already stated above, one of the most important properties of semiconductor 

lasers is the possibility to ‘design’ the emission wavelength. This gives a large 

flexibility to produce application targeted devices. This is illustrated in terms of 

VECSEL performance for fundamental emission using QWs in Fig. 1-10 and for 

QDs in Fig. 1-11. Examples for indirect light generation of light by non-linear 

conversion are shown in Fig. 1-12. Photon up-conversion, i.e. from the near-IR to the 

UV-visible range, is achieved by x
th

-harmonic generation and sum-frequency 

mixing. Down conversion towards longer wavelengths, by optical parametric 

oscillation (OPO), stimulated Raman scattering and difference-frequency mixing.  
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1.3.1 Quantum well based VECSELs 

 

Gain regions based on group III-V semiconductor quantum wells are the standard in 

current VECSEL devices and are integrated in most of the reported structures. Two 

exceptions are group IV-VI devices, where the growth methods aren’t well 

established yet, and gain sheets based on group III-V quantum dot-based active 

regions. Fig. 1-10 represents a selection of reported QW-based devices. The variety 

of QW compositions for fundamental, continuous wave and near room temperature 

(RT) emission at the different wavelength ranges is represented in the graph. The 

near-UV and visible (VIS) spectral range, important in spectroscopic, medical and 

bio-photonic applications can be accessed by InGaN/GaN devices around 400 nm 

which showed so far output powers in μW range, Park et al. [29,30] and more than 

1 W in the red (640-690 nm) by GaInP/GaAs [31,32]. GaAs/GaAs [33,34] and 

InAlGaAs/GaAs [35] QWs cover the 850 nm range with output powers around 1 W. 

InGaAs QWs emit between 920-1180 nm with output powers >10 W, around 1 μm 

[26,36-39]. The near-IR spectral range is of interest for fibre communication, 

pumping of fibre lasers and amplifiers, optical storage, laser printing etc. VECSELs 

operating in this range stand in direct competition with well-established solid state 

lasers, such as doped YVO4 lasers, which they have started to replace (an example 

for this is the VERDI laser system from Coherent [40]). GaInNAs QWs target the 

important optical fibre communication spectral range between 1190-1320 nm with 

multi-Watt output power, having the disadvantage to be difficult to grow, due to the 

required Nitrogen content. The same range was recently covered as well by 

wafer-fused AlGaInAs QW VECSELs, where the gain region is grown separately 

lattice-matched to InP substrates and the AlGaAs based DBR on GaAs substrates 

[41]. Wafer-fused structures prove more promising compared to the dilute Nitride 

compounds due to the ability to fabricate high quality devices, with low 

non-radiative centre concentration and better laser performance. They might be the 

future method of choice to target this spectral range [42-44]. InGaAsP/InP devices 

show fundamental emission in the fibre communication range around 1550 nm and 

were reported to have output power of > 800 mW [45]. GaIn(As)Sb QWs emit 
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between 2-3 μm and are possibly applicable in molecular spectroscopy/gas sensing, 

due to the presence of strong molecular absorption lines in this spectral range [46], 

and in free space communication. GaInSb QW devices show multi-Watt emission 

[47-52]. Lead-salt structures based on bulk and QW active regions have reached 

pulsed room temperature and low temperature cw operation with output powers of 

several tens of mW. They can cover the spectral range between 3-10 μm, making 

them suitable for gas sensing and spectroscopy [46].  

 
Fig. 1-10 Diagram of selected published QW based VECSEL devices, showing 

achievable output powers in dependence on the emission wavelength for InGaN 

[29,30], InGaP [31,32], GaAs [33,53], InAlGaAs [35], InGaAs [26,36-39,54,55], 

GaInNAs [56-58], InGaASP [45], AlGaInAs (wf = wafer fusion) [41,43,44], 

GaInSb [47], GaInAsSb [48-52] QWs and PbTe/PbSe [59,60] bulk/QWs. 
 

It is apparent from the summary in Fig. 1-10, that the best reported devices in terms 

of differential efficiency (~ 50 %) and output power are based on InGaAs QWs. A 

maximum output power of 20 W from a single gain chip device was reported by 

Rudin et al. in the fundamental TEM00 mode [26]. Higher powers were achieved with 

higher transverse modes, Chilla et al. [36] or multiple gain chip devices  in the 1 μm 

range. Multi-chip cavities were reported to achieve output powers close to 100 W in 

this wavelength range [61]. The emission efficiency decreases rapidly with 

wavelength in both directions towards shorter and longer wavelengths, due to 
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growth, compositional, strain and/or carrier confinement constraints; leaving several 

gaps in example in the green-yellow (450-600 nm), the long wavelength visible 

range (700-800 nm) or in the transition region between near and mid-IR 

(1600-2000 nm). Current and future research is concerned to close these gaps, 

especially in the application rich visible range. Possible candidates for the access of 

the whole visible range from the blue to the red are group II-VI semiconductors 

based on ZnCdSe QWs grown on top of GaAs and InP substrates [62,63]. The 

drawback of these compositions is the difficulty of p-doping for electrical pumping 

and Cd out-diffusion from QWs, limiting the lifetime of electrically-injected devices 

despite high quality growth [64]. Optical pumping as usually applied to VECSELs 

would make doping unnecessary and could help to improve the device lifetime. 

MgZnSSe/GaAs and MgZnCdSe/InP DBR structures also suffer from a low 

refractive index difference and increasingly difficult growth with increasing Mg 

composition for near lattice-matched structures [65,66]. This sets limitations to the 

maximum reflectivity and stopband width, important for VECSELs due to their 

sensitivity to any losses and for tunability. New, unknown lattice-matched 

compositions of group II-VI, IV-VI, III-V quaternaries and quinternaries, might offer 

larger refractive index differences for DBRs and better optical and carrier 

confinement. 

 

1.3.2 Quantum dot VECSELs 

 

QD based VECSELs are a very recent development, with breakthroughs in 2008 and 

2009 involving our group and described in this work. There are several reasons for 

the utilisation of self-assembled QDs as gain material in contrast to the commonly 

used QWs: 

 Quantum confinement in all three dimensions [21,22]:  

o Makes laser emission from discrete excited dot states possible. 

o Reduces the transparency carrier density, thus the threshold power 

density. 
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o Increases the thermal stability of the threshold power density. 

o Enables efficient carrier localisation within the dot states [67].  

 Inhomogeneous gain broadening due to the size distribution within the dot 

ensemble and the possible existence of excited dot states can create a very 

broad and flat gain spectrum which could be used for broadly tunable 

continuous wave light sources [68]. 

 The broad gain spectrum increases the thermal stability of the laser emission 

wavelength [69].   

 The formation of self-assembled QDs requires higher strains than QWs are 

able to tolerate. Thus QDs allow the use of compositions with a: 

o higher lattice-mismatch, 

o lower energy bandgap, for extension of the emission wavelength 

towards longer wavelength.   

InAs QDs were used in VCSEL devices such as demonstrated by Lott et al. [70] in 

1999 prior to the incorporation into a VECSEL structure. The transition towards the 

development of QD-based VECSELs followed, via the partial removal of the 

VCSELs top mirror reported by Lott et al. [71] in 2005. Fig. 1-11 gives an overview 

of reported QD-based VECSEL devices. Results and citations to this graph are found 

in Table 3-2 in the InAs/GaAs submonolayer QD VECSEL chapter, where a more 

thorough discussion is presented. All reported QD-based VECSEL devices 

incorporate dots in the Stranski-Krastanow (S-K) growth mode. Two different types 

of dots exist in this growth mode, denoted as S-K and submonolayer (SML) QDs. 

SML dots are a special subtype and described in more detail in Section 2.4.3. As can 

be seen in the graph, InAs/GaAs QDs cover the whole spectral range from 

950-1300 nm, achieving multi-Watt power from single devices with differential 

efficiencies up to 30 % in the 1.04 μm range. Intra-cavity second harmonic 

generation (SHG) by QD-based VECSEL devices was demonstrations for the 

generation of green, yellow/orange and red light by Rautiainen et al. [72] and Butkus 

et al. [73], see also (Chapter 3, Table 3-2).  
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Fig. 1-11 Diagram displays all known current results for QD based VECSEL 

structures. Larger circles surrounding some results are for clarification and mark 

second harmonic generation results together with their fundamental emission. ML 

stands for mode-locking [74,75], SHG for second harmonic generation 

results[72,73,76], S-K and SML for Stranski-Krastanow and submonolayer QDs 

respectively. (InAs S-K [71,77,78], InP S-K [79], InAs SML [73-77,80-82]. 
 

 

A major part of this thesis is concerned with the development of InP QD VECSELs 

based on the AlGaInP material system, for the emission between 700-780 nm (see 

Chapter 4) [79]. The spectral range above 700 nm is of interest as it is difficult to 

reach by conventional lasers and semiconductor compositions, with the exception of 

edge emitting devices utilising compressively strained InAlGaAs or tensile strained 

GaAsP QWs. Structures based on InAlGaAs suffer from a low device lifetime due to 

problems involved with the aluminium (Al) content. Al rich QWs emit below 

750 nm, but have an increased affinity towards impurity (oxygen) incorporation and 

suffer from a close proximity of the indirect/direct bandgap minima [83]. Aluminium 

free GaAsP QWs have an increased reliability, lower threshold and higher internal 

efficiency, however they are tensile strained and cannot be used for surface emitting 

devices [13]. InP QDs discussed in this thesis were so far the only VECSEL 

structures reported to emit in this wavelength range.  
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A further strand of work with VECSELs is passive mode-locking. Passive 

mode-locking is the most common way to generate short laser pulses. The usual 

scheme in mode-locked VECESL devices is the use of semiconductor saturable 

absorber mirrors (SESAM). SESAMs are very similar in their generic design setup, 

with a distributed Bragg reflector, an absorption region, incorporating multiple QWs 

or QD-layers and a top capping layer. Important optical properties of SESAMs are 

their nonlinear optical reflectivity and the required recovery time from the absorption 

process. These absorption mirrors usually replace one of the external mirrors. The 

principle of these devices is based on intensity dependent absorption of the 

circulating field. With increasing field the absorption medium becomes more and 

more saturated, which increases the reflectivity of the DBR structure. Thus pulses of 

high intensity experience lower losses and low intensity pulses are suppressed, 

forcing the laser to operate in a pulsed mode, where the phases of the individual 

frequency lines are locked to each other. The repetition rate between two subsequent 

pulses is indirectly proportional to the cavity round trip time, thus thigh repetition 

rates are achieved with the shortest cavities. Due to the locking of the modes, the 

power of one of these short pulses is much higher than the average output power. 

Südmeyer et al. have summarised high average output power mode-locked VECSEL 

results in [6]. Mode-locked devices were demonstrated with InGaAs based QW 

VECSELs in the 950-1040 nm range, InGaNAs QW VESCELs for the 

1200-1300 nm range, InGaAsP QW VECSELs for the 1550 nm and GaInSb QWs for 

the 2 μm range. All devices have pulse durations in the pico-femtosecond range with 

average output powers up to the W range and GHz repetition rates. Mode-locking of 

QD based VECSEL and or SESAM devices have also been reported, which was 

already stated in Fig. 1-11. From InAs/GaAs QD-based VECSELs 18 ps pulses were 

generated with a repetition rate of 2.57 GHz and an average power of 27 mW, as 

reported by Hoffmann et al. [84] and [75]. Although these first results lie behind the 

performance of QW-based VECSEL devices, the potential for the use of QDs as gain 

material are:  

 Generation of shorter pulses due to the broader inhomogeneous gain 

bandwidth.  
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 Improved gain dynamics.  

 More temperature stable operation, advantageous for the fabrication of highly 

integrated, possibly electrically pumped devices (MIXSEL [85]), 

incorporating the saturable absorber and gain mirror within one device. 

One of the grown InP QD VECSELs described in Section 4.5 (where more 

information is presented) was used as a SESAM inside a Ti:sapphire laser to generate 

self-started passive mode-locking in the 750 nm range. 518 fs pulses at a repetition 

rate of 128 MHz and 190 mW average power were achieved.  

 

1.3.3 Non-linear frequency conversion 

 

The last section introduced most recent QD-based VECSEL devices used for 

frequency-doubling in order to access the visible range. The external cavity format 

with the high circulating field and the short upper-state carrier lifetime of 

semiconductors are well suited for intra-cavity beam processing such as non-linear 

frequency conversion. Here latest developments in this field of application for 

QW-based VECSELs are presented.  

Harmonic generation was demonstrated fairly quickly after the first appearance of 

the VECSEL concept by Raymond et al. [86] in 1999. Further advances in non-linear 

conversion took a bit longer to be achieved, but to-date include intra-cavity optical 

parametric oscillation (OPO) by Stothard et al. in 2009 [87], where OPO was 

achieved in a coupled cavity configuration, utilising the intra-cavity field of a 

1060 nm VECSEL for the generating a 1.60 μm and 3.05 μm signal and idler wave 

respectively. Sum-frequency generation (SFG) by Hartke et al. [27] in 2008 from a 

single device with dual mode operation. In Chapter 5, we access the yellow-orange 

range in this way, by mixing a single passing solid-state laser beam with the 

intra-cavity field of a 1060 nm QW VECSEL. Teraherz generation of 
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Fig. 1-12 Summary of some recent nonlinear frequency conversion experiments 

using QW based VECSEL structures. Most results are second harmonic (SHG) to 

the visible blue and green [27,36,90,92-96] and red [99,100]. The deep and near-UV 

is addressed by SHG [31], by two fold frequency doubling (2xSHG) from IR to 

visible blue (intra-cavity) to deep UV (external cavity) [92,93] and by third 

harmonic generation (THG) [98]. Orange generation by sum frequency generation 

(SFG) [101] as well as difference frequency generation (DFG) to the THz range 

[88] has been achieved. Results on so-called Raman conversion [89] and optical 

parametric oscillation (OPO) [87] for frequency down conversion were also 

published. 
 

> 2 mW and 0.5 mW at 1.9 and 1 THz respectively by difference-frequency mixing 

was reported by Scheller et al. [88] in 2010, using two closely spaced longitudinal 

modes of a near-IR device. A VECSEL utilising stimulated Raman scattering was 

demonstrated by Parrotta et al. [89] in 2011. All these processes are very efficient 

inside VECSEL cavities. Table 1-1 summaries the most important properties of this 

type of laser.  

 The short-upper state carrier lifetime in the ns range prohibits energy storage 

within the gain medium. The energy is thus stored in form of a high 

oscillating field within a high finesse external cavity.  

 Single mode operation is supported in semiconductor lasers due to gain 

coupling [90].  
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 No special hole burning due to the very short interaction length between the 

resonating field and the gain medium.  

These properties are advantageous in terms of stable non-linear frequency 

conversion, as no longitudinal mode competition and thus no so-called “green 

problem”, reported for solid-state lasers with long upper-state lifetimes by Baer et al. 

[91] is present. The large flexibility of the cavity arrangement allows the placement 

of non-linear crystals at beam waists inside the cavity. Tight focussing and thus high 

pump densities are necessary for efficient conversion in non-linear processes. Due to 

this configuration, large nonlinear coefficient materials are not necessary, especially 

as the oscillating intra-cavity field passes the crystal multiple times. Fig. 1-12 

summarises results published on frequency conversion by the use of QW based 

VECSELs. The highest, multi-Watt output powers were reported in the blue/green 

range (460-590 nm) [27,36,90,92-96]. This is not surprising, as the best VECSEL 

structures for fundamental emission are based on InGaAs QWs and emit around 

1 μm (see Fig. 1-10). The deep (<300 nm) and near-ultra violet (UV) (300-380 nm) 

range can be reached by multiple, i.e. two times second harmonic generation from 

the near infra-red (IR) to the green by intra-cavity conversion in the first step and in a 

second step to the deep UV using an external cavity [92,93,97]. Other methods are 

by third harmonic generation (THG) from the near-IR [98] or by second harmonic 

generation (SHG) from the visible red [31]. The red spectral range was also targeted 

via SHG by the use of GaInNAs or AlGaInAs wafer-fused structures [99,100], 

having higher output powers than reported by direct generation from GaInP QW 

based structures [31,32].  

 

1.4 VECSEL applications 

 

The rest of this chapter is concerned with the introduction of some VECSEL 

application fields. Commercially available devices are for example the frequency 

doubled VECSELs from Coherent [40]. These devices emit at specific wavelength in 

the UV-yellow range with output powers from the tens of mW to the 10 W level. 
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They are manufactured to target application specific wavelengths or for high power 

in order to replace conventional, expensive, bulky and/or complicated solid-state and 

gas laser systems and are advertised as “all solid-state optically pumped 

semiconductor lasers (OPSL)”, suitable for medical, life sciences & research, 

forensics and entertainment, some of which are portable and battery driven. Directly 

electrically-pumped VECSELs, so called ‘NECSELs’ frequency-doubled to 

blue - 465, green - 532 and red - 620 nm were also reported by NOVALUX in 

2006/07 for laser television and projection. OSRAM used another approach for the 

generation of green light by monolithic integration of pump diode lasers between the 

active region and DBR structure [102], only to name a few. Also interesting is the 

generation of short and ultrashort light pulses in the picosecond to femtosecond time 

range, which will have an impact on a variety of scientific and commercial 

applications [6] such as: 

 Time-resolved spectroscopy for the examination of dynamic processes in 

physical, biological, chemical, etc. specimen. 

 Multi-photon imaging and two photon excitation microscopy due to nonlinear 

interactions with matter caused by the high pulse powers. 

 Long distance optical fibre communication for improved data transmission 

and higher bandwidth. 

 Short distance (1-100 m) optical communication interconnectors for faster 

transmission rates between processor and other computer systems 

 Optical clocking for better data synchronisation and better performance of 

microprocessors. 

 Laser projection 

Self-started passive mode-locking (Hoogland et al. [103]) and cavity field dumping 

Savitski et al. [104] are two different ways to achieve high energetic, short pulses. 

Frequency stabilised (e.g. [105-107]) operation can be achieved by the use of an 

output coupling mirror, e.g. mounted to a piezoelectric actuator in order to stabilise 

the frequency with respect to a reference locking signal. Narrow linewidth, tunable, 

high power sources with circular near diffraction limited output beams and long 

coherence length are required for high resolution spectroscopy, communications, 
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interference lithography etc. The high beam quality together with their wavelength 

versatility makes VECSELs also very attractive as intra- and extra-cavity pumps, i.e. 

for exotic laser crystals with absorption ranges difficult to reach by other lasers. With 

respect to this, Hempler et al. reported a VECSEL pumped Cr
2+

:ZnSe [108] laser for 

emission in the mid-IR.  

 

1.5 Thesis outline 

 

This thesis is mostly concerned with the design and characterisation of VECSEL 

structures utilising quantum dot active regions. Chapter 2 gives an in depth 

discussion on the VECSEL design and fabrication criteria, from the choice of 

material compositions, to the setup of the distributed Bragg reflector (DBR) and the 

semiconductor subcavity, including the active region and carrier confinement layers. 

Resonance effects for field enhancement and thermal management for heat extraction 

are also addressed. Laser performance modelling using the method introduced by 

Kuznetsov et al. [109] is also discussed. The chapter concludes with a discussion on 

epitaxial growth methods, the influence of strain on the bandgap structure of group 

III-V semiconductors and the formation of self-assembled QDs. Indicated in Fig. 

1-11 (blue circles) are the two different structures discussed respectively in Chapter 3 

and 4 incorporating InAs/GaAs submonolayer QDs for laser emission in the 1030 nm 

and InP S-K QDs for emission in the 710-760 nm spectral region. In both cases this 

was the first demonstration of laser emission for InAs/GaAs (in 2008 [110]) and for 

InP (in 2009 [79]) QD-based VECSELs  respectively. The InAs/GaAs SML QD 

devices achieved maximum output powers of 0.5 W with a slope efficiency of 17 %, 

but suffered from a short lifetime. Conclusions drawn from the analysis helped to 

improve the performance and today a large variety of different structures have been 

reported by different groups in the range between 950-1300 nm. InP QD VECSELs 

are still in the early experimental stage. Work discussed in Chapter 4 demonstrates 

the feasibility of these devices for light generation in the 700-780 nm range. Light in 

this spectral window is suitable for example in medical applications such as 
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photodynamic therapy, sensing, imaging and biophotonics, due to the so called 

medical absorption window, as shown in Fig. 1-13, for superior transmission through 

tissue and minimised auto-fluorescence [111]. Output powers up to 50 mW with a 

slope efficiency of 5.7 % were achieved around 740 nm with a broad tuning range of 

more than 25 nm. Characterisation of the growth revealed a high defect density, 

originating from non-coherently strained QDs, which penetrated to the surface, 

causing a rough surface morphology. This makes bonding of intracavity heatspreader 

for thermal management difficult. These findings show that the fabrication of 

defect-free InP QDs, important for good laser performance is not as far matured as 

their InAs counterparts. Future improvements in the growth are expected to lead to 

better laser performance.  

 
Fig. 1-13 Absorption spectra of the blood cells oxy- and deoxyhemoglobin 

together with water, creating the medical absorption window in the range of 

700-900 nm, suitable for medical applications [111]. 

 

In Chapter 5, sum-frequency generation of yellow-orange light at 593 nm was 

demonstrated inside a VECSEL cavity and is indicated by the blue circle in Fig. 

1-12. A periodically-poled nonlinear crystal was placed at a beam waist inside a 

1060 nm InGaAs QW-based VECSEL cavity. Non-linear conversion was achieved 

by the combination with a single passing 1342 nm beam from a diode pumped 

Nd:YVO4 laser. 136 mW with a conversion efficiency of 17 % (with respect to the 

single passing beam) could be achieved.   



Chapter 1: Introduction 
 

28 | P a g e  

Chapter 6 gives an overall conclusion of the discussions in the three experimental 

chapters.   
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Chapter 2: 

3 VECSEL theory and design criteria 

VECSEL theory and design criteria 

2 VECSEL theory and design criteria 

This chapter is concerned with the theoretical understanding of VECSEL devices, 

which are multilayer structures, incorporating different material compositions, 

usually monolithically grown. This puts constraints on the choice of these 

compositions with respect to the lattice constant, necessary for a high growth quality. 

Other important material properties, such as the refractive index and energy bandgap 

are also presented, which are important to develop an understanding for the generic 

VECSEL design. A further important matter in terms of VECSEL devices is the 

efficient thermal management for extraction of the pump induced heat load from the 

active region. This section is followed by a short introduction to quantum 

confinement and gain modelling based on QW devices and described by Kuznetsov 

et al. in [1]. At the end of this chapter will be a discussion on material, structural and 

growth related issues with a focus on the fabrication of quantum dot (QD) layers.  

 

2.1 Semiconductor alloys 

 

The spectral coverage of QW and QD based VECSEL devices presented in Fig 1.10, 

Fig. 1.11 and Fig. 1.12 give a good overview of the emission wavelength flexibility 

of semiconductor lasers both for the fundamental emission and for colour 

conversion. A few gaps in spectral coverage still remain. Fig. 2-1 shows the lattice 

constant together with the corresponding energy bandgap of the most common group 

III-V semiconductor binary compounds, used in optoelectronic devices [2]. Some 

group IV elemental crystals and group II-VI binary compounds are also included. 

The empirical Vegard’s [3] law is used to calculate the lattice constant of a ternary 
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compound     , based on the values for the contributing binaries,     and    , in 

dependence on the mole fraction.  

                             Equation [2-1] 

   

This expression can be taken to calculate the corresponding energy bandgap by the 

introduction of a bowing parameter, b [3]. The bowing parameter is a measure for the 

lattice distortion in a periodic crystal due to the random distribution of the substituted 

(alloy) atoms  [4].  

         
                            Equation [2-2] 

   

The interconnecting lines for ternary compound semiconductors are shown in Fig. 

2-1 as solid lines for direct transitions. Indirect transitions are illustrated by dashed 

lines. The fabrication of high quality structures for optoelectronic purposes requires 

substrates with a low defect density. GaAs, InP and GaSb are some of the used 

  

 
Fig. 2-1 Bandgap energy vs. lattice constant diagram of the most important group 

IV, III-V and some group II-VI elements, binary and ternary compounds. The 

energy scale spans from the mid-infrared to the visible blue region. The vertical 

dashed lines mark the lattice matching condition of the most common substrates of 

group III-V semiconductors, such as GaAs, InP, InAs and GaSb. [2] 
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substrate materials. The vertical dashed lines in Fig. 2-1 represent the lattice-matched 

condition for the corresponding substrate. Every alloy composition, intersecting these 

lines fulfils the (near) lattice-matched condition and can theoretically be used. The 

vast range of possible bandgap energy coverage by semiconductor alloys is thus 

reduced to materials where a suitable substrate is available.  

Chapter Material system Used as 
Mole 

fractions x 

References 

Dielectric 

constants 

Energy 

bandgap 

3 & 4 GaAs Substrate 0 [5,6] [3] 

 AlxGa1-xAs DBR 0.98 / 0.2 [5,6] [3] 

3 AlxGa1-xAs Confinement/Barrier 0.3 / 0 [5,6] [3] 

 InAs/GaAs SML QDs - N/A N/A 

 AlxGa1-xAs DBR 0.35 / 1 [5,6] [3] 

4 (AlxGa1-x)0.51In0.49P Barriers 0.3 / 0.6 / 0 [7,8] [9,10] 
 InP/Ga0.51In0.49P DWELL - N/A N/A 

Table 2-1: Summary of the material compositions used for the VECSEL structures 

discussed in Chapters 3 and 4 together with the references where parameters can be 

found. 

 

All devices of concern for this thesis were grown on the binary substrate Gallium 

Arsenide (GaAs). The used high reflective DBRs are based on the ternary compound 

AlxGa1-xAs, where the similarity in the lattice constant between AlAs (      

         ) and GaAs (                ) [2], allows the growth of nearly lattice 

matched structures in the whole range of        . Broad stopband (       ) 

AlGaAs DBRs may be fabricated for high reflection from the red to the mid-IR 

region.  

The active regions of the structures discussed in Chapter 3 incorporate InAs/GaAs 

submonolayer (SML) QDs imbedded within a GaAs matrix and in Chapter 4 

InP/Ga0.51In0.49P quantum-dots-in-a-well (Dwell) imbedded in an 

((AlxGa1-x)0.51In0.49P) matrix and are listed in Table 2-1. The matrix materials are 

lattice-matched to the substrate to avoid strained growth and serve as pump 

absorption barriers. Further information on the specific designs can be found within 

the respective chapters. A very general design of a VECSEL is depicted in Fig. 1.9. 

As the main topic of this thesis is the development of an InP/AlGaInP based QD 

VECSEL, the following discussion refers to this material system in particular. In 

summary, the VECSEL gain structure consists of: 
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 a monolithically grown, lattice-matched DBR on top of a suitable substrate.  

 the active region grown directly on the DBR, consisting of the pump 

absorbing barriers, integrating the QWs or QD gain layers.  

 strain compensation layers adjacent to the gain layers or placed within the 

barriers can be used in order to counteract the build-up of strain.  

 for purposes of carrier confinement within the active region a transparent 

window layer is used together with a capping layer to avoid oxidation.  

 
Fig. 2-2 Room temperature energy bandgap of lattice matched (AlxGa1-x)0.51In0.49P 

and AlxGa1-xAs for direct (black/blue) and indirect (red/green) transition, suggesting 

crossing points around xAl = 0.55 and xAl = 0.45 respectively. Solid lines stand for 

the lowest available energy transition at a specific mole fraction of a composition.    

 

Fig. 2-2 represents the room temperature (RT) dependence of the direct (  ) and 

indirect (  ) transition energy on the aluminium mole fraction     of 

(AlxGa1-x)0.51In0.49P and AlxGa1-xAs. The model uses equation [2-2] together with 

binary compound band and bowing parameters (for ternary and quaternaries) given 

in Vurgaftman et al. [3] and Adachi et al. [5] respectively. The solid lines mark the 

lowest available bandgap transition. Crossing points, where the transition 

characteristic changes from direct to indirect nature around          and     

     respectively. The publication of Najda et al. [10] suggests, a crossing point at 

        for (AlxGa1-x)0.51In0.49P, where also the largest transition energy is located. 
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Knowledge of the dielectric coefficients is required for the calculation of the 

refractive index pattern, the reflection and the electric field within the subcavity. Fig. 

2-3 represents the modelled refractive indices in dependence on the wavelength of 

AlxGa1-xAs, used for the DBR [5], and of (AlxGa1-x)0.51In0.49P, used for the active 

region [7]. [5] and [7] apply model dielectric functions (MDF), which uses 

critical-point energies in order to describe the dielectric function in dependence on 

the photon energy of a material compound. These critical points are closely related to 

the optical properties of solids, such as bandgap energies, absorption coefficients and 

refractive indices. The distinct kinks in the figure indicate the absorption edge. The 

vertical red and green dashed lines illustrate the designed emission wavelength 

(740 nm) and the pump wavelength (532 nm) respectively.   

 
Fig. 2-3 Refractive index plotted with wavelength for different aluminium mole 

fractions of lattice-matched (to GaAs) quaternary (AlxGa1-x)0.51In0.49P (solid black: 

xAl=0, red: xAl=0.3, blue: xAl=0.6) and ternary AlxGa1-xAs (dash-dotted brown: 

xAl=0.35, green: xAl=1) compositions. The green and red vertical dashed lines depict 

the pump wavelength and the possible design wavelength.    
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2.2 Multi-layer VECSEL structures 

 

2.2.1 Characteristic matrix 

 

In order to be able to express the wave propagation in a stratified medium (multi-

layer structure), the assumption of thin dielectric films is used, where the dielectric 

constants are considered as constant. The characteristic matrix, [
 
 
], of a single film 

is dependent on the layer thickness,  , the propagating waves’ wavelength, λ, the 

refractive index,  , and the angle,  , of the incident wave onto the first boundary 

surface and is described by [11]:  

 [
 
 
]  [

  
  

]  [
       

 

 
      

                
], Equation [2-3] 

   
  

 
       ,  

   

with     √
  

  
 the optical admittance for oblique incidence.    and    being the 

permeability and permittivity of free space respectively. The interest of this work is 

focussed on the wave propagation normal to the surface and    . In this case, the 

refractive index of s- and p-polarised light is the same. For a stratified medium with a 

finite layer number the characteristic matrix now becomes 

 [
 
 
]  (∏[

        
 

  
       

                   
]

 

   

)[
 

     
]  Equation [2-4] 

   

Here       stands for the optical admittance of the substrate. The ratio   
 

 
 can 

now be understood as the total optical admittance of the assembly. The total 

reflectivity of the multi-layer stack 

   |
                       

                       
|

 

 |
    

    
|
 

 Equation [2-5] 
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is also dependent on the medium of the incident wave, denoted by the index,  , and 

exiting wave (here usually the substrate), denoted by the index,     .  

 

2.2.2 Distributed Bragg reflector 

 

 
Fig. 2-4 Left: Reflectivity spectrum of an AlxGa1-xAs DBR as used for the design in 

Chapter 4 for 2.5, 5, 10, 20 and 40 layer pairs. The refractive indices are nlow=3.056 

(AlAs) and nhigh=3.522 (Al0.35Ga0.65As). Top right: Reflectivity stopband centre 

reflectivity in dependence on layer pairs. Bottom right: Reflectivity stopband width 

in dependence on the high refractive index (difference between high and low 

refractive index by variation of the high refractive indices between nhigh=3.056-

3.574 and constant nlow=3.056). 
 

 

The largest part of the roughly 4-7 μm thick VECSEL structure is the distributed 

Bragg reflector (DBR). A DBR is a periodic succession of layer-pairs with high and 

low refractive index, having a thickness of          ⁄  each, where         is the 

design wavelength. Partial reflections occur at every interface but reflected beams 

experience a phase shift of π only where the beam propagates in direction from a low 

towards a high refractive index layer. Both layer thickness and phase shift cause a 

constructive interference of all internally reflected beams at the structure surface, 

increasing the reflectivity at around        . The total reflectivity and reflectivity 

stopband width scales with the difference in refractive index between the high and 

low index layer (                 ). The larger this difference, the fewer repeats 

are necessary to achieve the required high reflectivity values of R > 99.9 %. Fig. 2-4 
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left: shows the reflectivity stopband for different number of repeats of the low (AlAs: 

          ) and high (Al0.35Ga0.65As:            ) refractive index layers, as 

used for the structure design in Chapter 4. The graphs on the right side of Fig. 2-4 

illustrate the dependence of the stopband centre reflectivity with number of layer 

pairs (top) and the estimated width of the reflectivity stopband in dependence on the 

refractive index difference (bottom). These calculations are based on the following 

equations [2-6] and [2-7] for the reflectivity stopband width and total centre 

reflectivity respectively [12].  
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Equation [2-6] 
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 Equation [2-7] 

   

VECSELs are low gain lasers and tolerate only very few percents of total losses. 

Therefore the minimization of the mirror transmission/absorption by the high 

reflection of the monolithically integrated DBR is necessary. The wide reflectivity 

stopband enables broad tuning of the laser emission, making use of the broad 

semiconductor gain spectrum. A DBR must thus be non-absorptive for the laser 

emission wavelength in order to enable laser action. In the optimal case, it should 

also be highly reflective for the pump wavelength, reducing the heat introduction 

within deeper lying layers. This is not always practical, e.g. for the present situation 

(using material compositions for the design of the InP QD VECSELs as stated in 

Chapter 4), the          ⁄ -thick AlxGa1-xAs layers of the DBR with a suitably large 

refractive index difference, are absorptive for the pump wavelength (532 nm). 

Reabsorption of the generated laser light (denoted by the red dashed line in Fig. 2-3) 

within the DBR was avoided by the choice of an aluminium mole fraction of 

         for the high refractive index layer of the DBR. This limits the refractive 

index difference and dictates the number of DBR pairs necessary to reach the 

required reflectivity.  
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A way to circumvent excessive pump light absorption within the DBR is by 

preventing it from reaching the DBR.  

 

2.2.3 Subcavity configuration 

 

For the design of the gain region grown on top of the DBR, the laser subcavity, 

different factors have to be taken into account, which are discussed in the following: 

 Total subcavity length 

 Total number and distribution of gain layers 

 Available materials for pump absorbing barriers, gain layers, strain 

compensation layers, transparent window layer, capping layer 

 Resonance effects 

 

2.2.3.1 Subcavity length and configuration criteria 

 

In order to avoid pump light absorption within the DBR only layers transparent to the 

pump wavelength should be used. Where this is not possible, the pump light can be 

prevented from reaching the DBR by adjustment of the subcavity length. Illustrated 

in Fig. 2-5 is the pump absorption together with the refractive index pattern of the 

subcavity for a VECSEL structure, similar to one used in Chapter 4. The absorption 

coefficient calculation of the (AlxGa1-x)0.51In0.49P compositions is taken from 

Schubert et al. [7] and leads to an estimated pump absorption in the active region of 

about 98 % of the pump wavelength (532 nm). A further extension of the subcavity 

beyond this length has to be taken with caution to avoid unpumped QWs.  

A further aspect, important for the total subcavity length and configuration is the 

room temperature carrier diffusion length. It is only a few micro-meters in bulk 

GaAs samples [13]. Under the consideration of the multiple interfaces and gain 

layers inside the active region, which act as carrier traps and potential barriers the 
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free carrier mobilities and thus the diffusion lengths within the active region of a 

VECSEL are likely to be lower. Regarding as well that the system 

(AlxGa1-x)0.51In0.49P, used in this example is a quaternary compound, the carrier 

mobilities are expected to be lower compared to a binary system due to the presence 

of more, differently sized atoms, which are randomly distribution within the crystal 

lattice, affecting the lattice periodicity, thus increasing scattering events. It has also 

been stated in Bour et al. [14] and Yokotsuka et al. [15] that the hole mobility of  

(AlxGa1-x)0.51In0.49P is very low in comparison to AlGaAs compounds. With this in 

mind, too long subcavities might introduce absorption losses, if the deeper lying gain 

layers are not pumped sufficiently.  

 
Fig. 2-5 Absorption of the incident 532 nm pump beam displayed together with the 

refractive index pattern of the designed structure. An estimated absorption value of 

98 % is designed. 

 

The total subcavity length also defines the number of available field anti-nodes, at 

which gain layers can be positioned (see following discussion on RPG). A decision 

about the total number of gain layers and their distribution across the available 

anti-nodes is also necessary. With respect to the gain layer distribution two 

approaches were reported: uniform and non-uniform distribution. In the first case, 

which seems to be the standard approach with respect to number of reported devices, 
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the carrier distribution within the active region is considered to be homogeneous and 

gain layers are distributed equally at the antinodes. In the second case, the carrier 

mobility is thought to be low and their distribution is supposed to follow the 

decaying pump intensity due to absorption, as can be seen in Fig. 2-5. More gain 

layers are placed at the anti-nodes near the surface, with decreasing number for 

deeper lying anti-nodes [16]. A different way to ensure a homogeneous distribution 

of the generated carriers across the available gain layers is the use of larger bandgap 

barrier layers to subdivide the active region as was reported by Geske et al. in case of 

optically pumped VCSELs [17] and also realised in a dual-wavelength VECSEL 

structure by Leinonen et al. [18].    

Important restrictions can be made as well by the available material compositions. 

‘Standard’ VECSEL structures for the emission in the near-IR range utilise a window 

layer. This layer has a larger bandgap compared to the barrier composition, is 

transparent for both, pump and laser light and has the two purposes: 

 to confine the generated carriers to the active region  

 prevent them from escaping to the surface, where they recombine 

non-radiatively.  

In the case of (AlxGa1-x)0.51In0.49P based structures the offset in bandgap energy with 

respect GayIn1-yP QWs is maximised for         as was illustrated in Fig. 2-2, 

offering the highest confinement potential. GayIn1-yP QWs are thus usually imbedded 

within this material compound. At present, there is no suitable material composition 

known to the author with a higher energy bandgap that could be used as a 

lattice- matched, transparent carrier confinement window on top of the active region; 

thus free charge carriers, generated in the active region can diffuse to the surface and 

recombine non-radiatively, reducing the efficiency of these structures. Furthermore, 

the necessary Ga0.51In0.49P capping layer used to prevent the oxidation of aluminium 

in the underlying structure has an even lower bandgap compared to the barrier layer, 

supporting diffusion towards the surface.  

The influence of resonance effects on the effective gain is stated in the following 

subsections.  



Chapter 2: VECSEL theory and design criteria 
 

50 | P a g e  

2.2.3.2 Resonance effects 

 

Due to the very small gain medium thickness of only a few nanometres per QW and 

even less for QD-layers, VECSEL structures contain several gain layers in order to 

maximise the modal gain. Furthermore, the position of these layers with respect to 

the resonating field becomes important.  

Resonant periodic gain (RPG) refers to the placement of the gain layers at the 

position of the field antinodes at the designed laser emission wavelength in order to 

optimise the overlap between the optical field and the gain layers (see Fig. 2-6 right 

for clarification). This overlap is denoted by the three dimensional optical 

confinement factor          . It can be reduced to the longitudinal confinement 

factor      in case of QWs; under the consideration that z is the direction of field 

propagation, which is the growth direction in a vertically-emitting laser. In contrast, 

there is no optical confinement in the two lateral directions x, y, thus the confinement 

factors can be regarded to be unity        .    is a critical parameter in surface 

emitting devices [19], represented by equation [2-8]:  

 
Fig. 2-6 left: Calculated longitudinal confinement factor z in dependence on the fill 

factor tgain/(/2). Right: Principle of a VECSEL structure with resonant periodic gain 

(RPG), showing the overlap between the standing subcavity field and the gain layers 

to enhance the interaction between the field and the carrier distribution.    
 

 

    
 

       
|    |   

 
       

|    |   
  Equation [2-8] 

   

        and         stand for the total thickness of the gain layers (QWs) and the 

total cavity length respectively. This equation can be transformed by integration into 

equation [2-9]  
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(      [ (

     

 
 ⁄
)])  Equation [2-9] 

   

  stands for the number of gain layers. The effective gain layer thickness is       

and         is the cavity length, which is a multiple of   ⁄ . The function in the 

brackets describes enhancement with fill factor, [        ⁄  ⁄ ], which has the form 

of a     -function with the maximum value of 2 for very thin gain sheets and 1 in 

case of a bulk gain region as illustrated in Fig. 2-6 left side. The periodic placement 

of the gain layers acts also as a wavelength selective filter function, because only 

modes with a wavelength equal to the gain layer spacing experience enhancement. 

Thus a correct placement of the gain layers at the field antinodes for RPG is required 

[20]. 

A discussion on QD devices is more complicated, as optical confinement occurs in 

all three directions. The three dimensional confinement factor                

can be separated into the longitudinal confinement    and the lateral confinement 

factor    . The lateral confinement factor is defined as the ratio between the area 

covered by QDs (number of QDs times the average QD base area) and the total area, 

equation [2-10]. The longitudinal confinement factor on the other hand is the overlap 

of the electric field in vertical z-direction with the quantum dots, equation [2-11].  

     
      

 
  Equation [2-10] 

    
  

 
 

  
|    |   

   
       

|    |   
  Equation [2-11] 

   

The upper equations indicate that the confinement factor is here dependent on the 

areal coverage of the QDs and thus on the dot density. For dot layers with a low dot 

density, the overlap between the subcavity field and the gain can be low, leading to a 

low net gain, despite the high material gain of dots as previously shown in (Chapter 1 

Fig 1.7).  

Resonant and anti-resonant subcavity: The position of the field anti-nodes of the 

generated laser radiation in these structures is set by the alternating          ⁄ -thick 
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layers of the integrated DBR. The length of the subcavity can be adjusted in such a 

way that an electric field antinode is positioned at the semiconductor/air interface, 

enabling resonant behaviour. A structure with a resonant subcavity experiences an 

increased field within the subcavity. This results in a decreased pump threshold 

power, as laser modes close to the resonating field modes experience enhancement. 

An anti-resonant structure has a node at the semiconductor/air interface and thus no 

electric field enhancement occurs. The advantage of an anti-resonant design lies in 

decreased scattering losses at the structure surface and a broader tuning behaviour. 

The shape of the effective gain spectrum is also less influenced by the subcavity field 

and follows that of the intrinsic gain spectrum [21]. Furthermore, the anti-resonant 

nature has the effect that subcavity field modes are present at the shorter and longer 

wavelength side of the gain spectrum, which experiences further broadening of the 

effective gain bandwidth and thus allows for wider tuning ranges compared to 

resonant structures (under the expense of increased pump threshold powers). A more 

thorough illustration about this behaviour in dependence on the longitudinal 

confinement factor is discussed by Tropper et al. in [16], from which Fig. 2-7 is 

taken.   

 
Fig. 2-7 Illustration of the reflectivity stopband (R) and the longitudinal 

confinement factor z for a resonant (left) and anti-resonant (right) subcavity 

structure [16].   
 

2.2.3.3 Gain/resonance overlap 

 

The previous discussion on RPG and subcavity resonance suggests that a well-

established overlap between the maximum effective gain and the resonance effects is 
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required for good laser performance. Therefore the influence of thermal effects has to 

be regarded as well. Bulk semiconductors have temperature dependent bandgap 

energy. Two mechanisms have been identified by Varshni [22], to be responsible for 

a shift of the relative position between the conduction and the valence band, causing 

the energy bandgap to decrease with temperature for commonly used semiconductor 

compounds:  

 an increase of the lattice deformation with temperature,  

 an increase in electron lattice interaction  

The temperature variation of the bandgap energy         is defined by the 

“Varshni”-formula:  

            
   

   
  Equation [2-12] 

   

   is the energy gap at absolute zero        and α and β are Varshni parameters, 

which are available for the most commonly used semiconductor compounds. The 

thermal shift of the bandgap energy has a linear behaviour at elevated temperatures, 

especially around the usual working temperature of semiconductor devices. Table 

2-2 gives the Varshni parameters for the binary compounds included in the 

lattice-matched quaternary (AlxGa1-x)0.51In0.49P compounds, which are used to 

estimate the thermal bandgap according to a simulation reported in [9]. Vegard’s 

law, (see equation [2-2]) is used here for the calculation for the ternary and  

quaternary compositions. The thermal dependence of the QW or QD energy bandgap 

obeys the Varshni relationship as well, which expresses itself in a redshift of the 

emission with increasing temperature. The optical thicknesses of the multiple layers 

in a VECSEL structure are also temperature dependent, causing a red-shift of the 

designed resonances. The rate of this resonance shift is however lower than that 

caused by the thermal dependence of the QW or QD emission wavelength [16] for 

InGaAs and AlGaInP compositions by about a factor of 3.  
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Material Bandgap 

E0K (eV) 

Bandgap 

E300K (eV) 

Parameter 

·10
-3 

(eV/K) 

Parameter 


 
(eV/K) 

Bowing 

parameter b (eV) 

GaP 2.857 2.78 2.857 2.78 - 

AlP 3.637 3.56 3.637 3.56 - 

InP 1.411 1.34 1.411 1.34 - 

Al0.52In0.48P  2.614
* 

  -0.48 

Ga0.52In0.48P  1.927
* 

  0.65 

(AlxGa1-x)0.52In0.48P     0.18 

Table 2-2: Varshni parameters and bandgap energy of binary GaP, AlP and InP 

compounds at 0 and 300 K. Bowing parameter, b, for the calculation of the lattice 

matched ternaries Al0.52In0.48P and Ga0.52In0.48P and quaternary compounds. Values 

taken from Liu, C. Y (2003). Values marked by 
*
 are calculated intermediate results 

for the ternaries.    

 

 

 
Fig. 2-8 A schematic illustration of the temperature dependent overlap between the 

QW emission (blue dotted line) and detected surface photoluminescence (red solid 

line) as the QW emission moves through the resonance (labelled with an arrow for 

T1). The broad reflectivity stopband is indicated by the black dashed line. Three 

conditions are represented T1, T2 and T3. Only at T2 is the QW emission peak 

matched to the resonance, which leads to optimum laser conditions with maximum 

output power. Graph taken from Hopkins [23].  

 

Therefore, devices based on QWs are often designed with an offset, allowing the QW 

emission to move into the resonance position at working temperature, as discussed in 

Hopkins et al. [23], from which the graphs in Fig. 2-8 were taken. The three sketches 

depict the different conditions present at three distinct temperatures in a VECSEL 

structure. At T1, the emission efficiency of the QWs is highest, because temperature 

dependent carrier escape mechanisms are low in this case. The QW emission doesn’t 

match the designed resonances (Fabry-Perot resonance and/or RPG) of the subcavity 

due to the designed offset. With increasing temperature they move into overlap due 

to the larger thermal shift of the QW emission. At the matching point, T2, the 
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overlap is optimal and the laser performance optimised (lowest pump threshold 

power, highest achievable output power). T2 is the targeted temperature for device 

operation. With further temperature increase, the overlap decreases together with the 

emission efficiency and the laser performance reduces until laser action ceases. This 

is also known as thermal rollover, limiting the performance of VECSELs drastically 

at elevated temperatures. From this argument it becomes clear that thermal 

management to counter-act the effect of increasing temperatures introduced by 

higher pump power densities is essential and introduced in the following section.  

 

2.2.4 Thermal management 

 

Research on this topic has been published by several groups and references [23-25] 

give a summary of work done on thermal modelling of VECSEL structures. Kemp et 

al. [24] and [25] gave a consistent numerical method, by the use of a finite element 

analysis, for the estimation of the temperature increase inside a VECSEL structure 

under realistic pumping conditions. The model assigns the nanometre thick layers 

into groups of similar purpose/material composition, such as the substrate, DBR, 

active region, confinement/capping layer with an average thermal resistivity of these 

regions. This is done in order to reduce the model complexity and required 

computing power. The conclusion of the study is that the thermal resistivity of the 

DBR has the most significant impact on the temperature rise for cooling through the 

bottom of the structure. Fig. 2-8 illustrates the significance of the temperature in the 

gain region. With increasing temperature the radiative efficiency of the QW or QDs 

decreases due to an increase of the thermal escape/non-radiative recombination rate 

of the charge carriers. The influence of the temperature on the resonance position and 

the emission wavelength was discussed in the previous section. It illustrates the 

importance of thermal management for good laser performance. With respect to this, 

QD structures are thought to offer improved thermal stability due to the three 

dimensional carrier confinement. So-called thermally stable operation of a VECSEL 

was reported by Germann et al. [26] for InGaAs S-K type QDs, where the heat sink 
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temperature was varied between 5-35 ⁰C and where both the differential efficiency 

and the threshold pump power remained constant, although the differential efficiency 

was with around 2 % very low.  

 
Fig. 2-9 A schematic illustration of the heat flow within a pumped VECSEL 

structure for a) an unprocessed device, b) a thinned device and c) the intra-cavity 

heatspreader approach. Graphs taken from Hopkins [23].  

 

Characteristic for optically-pumped VECSEL structures is the very short absorption 

length, which is usually in the range between 1-2 μm (usually the subcavity length, 

see Section 2.2.3). The total pump intensity is absorbed in a region very close to the 

surface. The best way for thermal management is to prevent heat introduction into 

the active region in the first place by the choice of the pump wavelength, trying to 

keep the quantum defect as small as possible. The quantum defect,       , is the 

energy ratio of the pump and the emitted laser radiation (equation [2-25]). The higher 

the quantum defect, the larger the heat load introduction into the lattice, which can 

not be used for radiative recombination [27], increasing the temperature of the active 

region. Despite of this, three different schemes have been used so far for thermal 

management issues and can be seen in Fig. 2-9:  

 The unprocessed structure, bonded to a heat sink of high thermal 

conductivity. Here, the sample is mounted as it is onto a temperature 

controlled heat sink. The heat has to be removed through the active region, 

the DBR and the substrate.  
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 The thinned device. In this case, the substrate is completely or partially 

removed and the DBR attached to a heat sink of high thermal conductivity, 

removing/minimising the influence of the substrate. The path of the heat 

extraction goes through the DBR, which can be a considerable thermal 

barrier, depending on the thermal conductivity of the compositions.  

 Attachment of a transparent and thermally conductive material to the 

intracavity surface of the VECSEL structure. This arrangement brings a 

material of high thermal conductivity close to the region where the maximum 

heat load is introduced by the pump. The heat flow is now mainly towards the 

sample surface. This minimises the main path length of the heat inside the 

structure and by-passes the DBR.  

As can be seen by the first two thermal management schemes, a very important issue 

for a VECSEL structure is the thermal conductivity of the used material 

compositions, especially the thermal barrier introduced by the DBR structure. The 

DBR makes the heat extraction more difficult with increasing number of layer pairs 

and thermal resistivity. It is shown by Kemp et al. in [25] that heat extraction is most 

efficient via a transparent intra-cavity heatspreader approach for materials with a 

poor thermal conductivity and/or where the pump spot size is small (Ø < 200 μm). 

Structures with a higher thermal conductivity (which is the case for structures 

emitting around 1 μm and based on InGaAs and AlGaAs compositions) the thinned 

device outperforms the intracavity heatspreader scheme for larger pump spot 

diameters (Ø > 200 μm). This is interesting in terms of power scaling of VECSEL 

devices, where high power lasers emitting around 1 μm work best in the thinned 

device scheme.  

Power scaling was described as a property of thin disk lasers based on doped 

dielectrics, i.e. Nd:YAG,  Yb:YAG crystals by Giesen et al. [28], and was used for 

thermal management in order to increase the laser output power under simultaneous 

restriction of the heat rise inside the crystals. Surface emitting devices allow the 

output power to be scaled with the pump spot size (laser cavity mode size) under the 

consideration, that the pump intensity remains the same. Ideally, the laser output 

power in this case would increase linearly with pumped area, if the direction of the 
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heat flow would be unidirectional along the optical axis. This is not the case in real 

semiconductor thin disk lasers (VECSEL) as the heat flow occurs also in the in-plane 

direction, restraining the linearity and putting an upper limit to the power scalability. 

The method of choice for thermal management in the current devices was the 

heatspreader approach for the following reasons:  

 The high thermal resistivity of the 40.5 pair DBR is by-passed, reducing the 

total temperature rise within the gain region. 

 Technological advances allowed the use of low loss, low birefringent 

synthetic CVD grown diamond heatspreaders. Diamond has the highest 

thermal conductivity of up to 2000 Wm
-1

K
-1

 of all materials [29]. The 

suitability for efficient heat extraction by the utilisation of the heatspreader 

method were first demonstrated for silicon carbide (SiC), sapphire (Al2O3) 

and diamond (D) by [30-33]. 

 No post growth processing procedure is required.  

 The optical contacting of the heatspreader by the use of liquid capillary 

bonding, described by Liau et al. in [34] is fairly easy to achieve and suits 

research purposes very well, as the bonding process is non-destructive and 

reversible.  

Other considerations on the negative side are:  

 The higher refractive index of the heatspreader material with respect to the 

semiconductor air interface reduces the Etalon effect and thus the subcavity 

field of a resonant structure.   

 Many suitable crystals for the use as heatspreaders are birefringent. This will 

introduce depolarisation losses, especially where folded cavity arrangements 

and intracavity elements are used [35,36].  

 The introduction of an etalon, due to the two plane parallel facets of an 

uncoated heatspreader modulates the continuous laser output signal in 

dependence on the etalon thickness. Reflectivity losses at the surface can be 

minimised by the help of antireflection (AR) coatings. Wedged heatspreaders 

introduce reflection losses.  
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Further technological advances for example in the use of wafer-fusion for the 

production of DBRs with higher thermal conductivity, could also improve the 

thermal management [37]. 

 

2.3 Laser performance modelling 

 

2.3.1 One dimensional confinement in a well with finite potential height 

 

 
Fig. 2-10 Schematic of a potential well of width L with infinite barrier height V0. 

Shown are the wavefunctions for the ground (n=1) and first excited (n=2) state [38].    
 

The previously mentioned advantageous behaviour in terms of thermal stability and 

gain are a cause of quantum confinement effects and arise where the de Broglie 

wavelength of a trapped particle is similar to the dimensions of the potential well in 

which it is localised. The evolution of the wavefunction of the particle can be 

described by the Schrödinger equation. The time independent Schrödinger equation 

for finite barrier is 

 [ 
  

 

 

  

 

  

 

  
     ]            Equation [2-13] 
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where the symbols have their usual meaning with ħ being the reduced Planck 

constant,    stands for the effective mass (   and    for the well and barrier 

region). V and E are the potential and particle energy.   stands for solutions for the 

Schrödinger equation for the given boundary conditions and correspond to 

eigenenergy values.   is the direction of wave propagation. The potential energy 

inside a given quantum well of thickness   is set to zero and outside to   .  

      {
         | |  
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        | |   
 ⁄
  Equation [2-14] 

   

The solution of an even wavefunction can be described by  

      {
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  Equation [2-15] 

   

with  
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Equation [2-16] 
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The eigenequation for boundary conditions, where the wavefunction   and its 

derivative (
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)  are continuous at the well/barrier interface is.  
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)  Equation [2-17] 

   

Substitution of equations [2-16] into [2-17] yields the expression for the eigenenergy 

which depends on the QW thickness,  .  

  (  
  

  
    (√     ⁄

 

 
))        Equation [2-18] 

   

Equation [2-18] enables the calculation of the transition energy of a quantum well is 

dependence on the quantum well thickness. Fig. 2-11 shows the calculated transition 

energy with well thickness of GayIn1-yP QWs surrounded by (AlxGa1-x)0.5In0.5P 

barriers, where         and under further consideration of the valence band 

behaviour with strain. The MathCad programme for the calculation was written by 
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Dr. Jennifer E. Hastie at the Institute of Photonics and is based on a model stated in 

[38] (Physics of Photonic Devices by Chuang). It can be seen that the transition 

energy increases with decreasing width and increasing Gallium content, y, 

(decreasing strain) until the lattice-matched condition is reached y = 0.51, after 

which the strain will increase with opposite sign (This is not shown here as tensile 

strained QWs are not favourable in surface emitting devices). The influence of strain 

on the bandgap will be discussed in the Section 2.4.2 in more detail.  

 
Fig. 2-11 Transition energy with well thickness calculated for GayIn1-yP QWs with 

(Al0.6Ga0.4)0.5In0.5P barriers. 
 

In the case of QDs, not only the volume and strain effects but also the shape 

influences the transition energy. The calculation of energy states for three 

dimensional confinement of dots was shown by Bimberg et al. in [39] “Quantum dot 

heterostructures”. Fig. 2-12 is taken from this book as an illustration of the calculated 

wavefunctions for the first three electron and hole states of a pyramidal InAs/GaAs 

quantum dot with base length 13.6 nm by application of the k·p theory. The k·p 

theory is based on the Bloch theorem, which uses the periodic crystal potential to 

describe the electronic band structure.   
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Fig. 2-12 Left: Schematic of the energy level distribution of the first three electron 

and hole states together with the transition energies within a pyramidal InAs/GaAs 

QD of base length 13.6 nm. Right the corresponding wavefunctions [39].   
 

 

2.3.2 QW based VECSEL performance modelling as a function of the 

gain 

 

The modelling of optically-pumped VECSEL structures was described by Kuznetsov 

et al. [40]. For the estimation of the QW gain, a logarithmic dependence on the 

carrier density is used.  

       (
 

  
)  Equation [2-19] 

   

where   stands for the carrier density and    for the transparency carrier density.    

is the material gain.  The dependence of   on the pump power can be expressed by  

 
  

          

   
     

              

      
Equation [2-20] 

   

Where   and   are the Planck constant and the velocity of light,       and       

are the incident pump power and the pump spot area respectively. The total gain 

thickness is        , which is the sum over the total number of QWs,    , in the 
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cavity, having the thickness,    .      is the pump absorption efficiency and   the 

carrier lifetime, which is dependent on the monomolecular, A, bimolecular, B, and 

the Auger, C, recombination coefficients. The coefficients A and C stand for 

non-radiative recombination processes such as carrier capture by intra-band energy 

levels and Auger escape respectively. The coefficient B describes the radiative 

recombination process, where two particles, hole and electron, interact with each 

other under light emission.  

                         Equation [2-21] 

   

At laser threshold, the gain and total losses of the system are equal, thus 

               (             )     Equation [2-22] 

   

The reflectivity coefficients of a two mirror resonator and the total cavity losses are 

given by    , the integrated epitaxially grown mirror,    , the external output 

coupler and      .    is the longitudinal confinement factor, which is defined in 

equation [2-7]. The laser threshold conditions are given by equations [2-23] and 

[2-24] and the estimated output power by [2-25]  

                    
 (                )

  

  Equation [2-23] 

   

        

   

     

             

           
  Equation [2-24] 

   

        (         )         Equation [2-25] 

   

Here,       is the incident pump power and       the differential efficiency, which 

can be defined as                        with         
     

      
 being the 

quantum defect. The standard way of pumping VECSELs efficiently is by the 

excitation of the charge carriers into the pump light absorbing barriers form where 

they relax into the ground level states of the gain medium. This requires sometimes 

much higher pump photon energy compared to the emitted laser light. The more 

        differs from unity, the more heat is introduced into the structures’ lattice and 

thermal management becomes necessary in order to reduce any detrimental heat 

effects as discussed before. The cavities output efficiency      is 
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  Equation [2-26] 

   

This model describes a very good method for the estimation of important design 

parameters, such as the optimum number of QWs to be inserted inside the cavity or 

the optimum output coupling value as can be seen in Fig. 2-13.   

 
Fig. 2-13 Example of the calculated laser performance by Kuznetsov et al. [40] for 

an InGaAs QW VECSEL device, showing: a) the threshold power with number of 

QWs for different output coupling coefficients. b) the laser output power with 

number of QWs for different output coupling coefficients. c) power transfer 

characteristic for different output coupler coefficients.   
 

 

2.3.3 Gain in QD VECSELs  

 

In gain calculations for QD structures the logarithmic dependence of the gain on the 

carrier density is no longer valid. Several possible population states of the ground 

state inside a single QD, i.e. completely empty, partially filled with one electron or 

hole, single exciton, charged exciton or completely filled, together with the spin 

degeneracy which has to be taken into account (so that the QD ground state can 

occupy two excitons), have the consequence that a single QD ground state can be 

filled in many different ways with the same amount of available carriers, making it 

difficult to calculate the gain dependence on the injected carrier density. The theory 

quickly becomes more difficult if excited states are also taken into account.  

The ground state threshold carrier density      can be described by   

         (  
 

   

 

  

    

    
   )  Equation [2-27] 
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where     is the number of QDs,      the total cavity losses and     
    the saturated 

material gain. The ground state gain is considered to increase linearly with increasing 

carrier density and reaches a saturation level, where all ground state levels are 

occupied with two excitons (      ). Transparency is reached when all dots are 

filled with one exciton as can be seen in Fig. 2-14 [39].  

 
Fig. 2-14 Ground state gain normalised to the quantum dot density in dependence on 

the carrier density. Transparency condition is reached if all QDs are filled with one 

exciton.   
 

In the initial development of QD VECSELs, it has been shown empirically that large 

numbers of QD layers are required, compared with an optimum number 10-15 for 

QWs. Future work is planned to adapt the VECSEL model for QD-layers, however 

in most cases the sub-cavity length and growth set the upper limit. The absorption 

length sets the boundaries of the subcavity length as discussed above. Growth related 

restrictions are for example the minimum allowed separation between two adjacent 

QD-layers for defect free QDs, limiting the maximum allowed number of QD-layers 

placed at a single field anti-node. Further information on growth of heterostructures 

and QDs is given below. 
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2.4 Growth methods 

 

The requirements for monolithic growth of semiconductor laser structures with their 

multitude of different layer thicknesses, material compositions, doping levels etc. are 

stringent for repeatability and accuracy. Different methods for the fabrication of 

semiconductor devices are available today based on liquid phase (LPE), vapour 

phase (VPE) and molecular beam epitaxy (MBE). The development of these 

different processes was determined by the need to grow different material 

compositions on top of each other, under constraints on material source availability, 

material growth quality etc. One example for a chemical vapour epitaxy process is 

“Metal Organic Chemical Vapour Deposition” (MOCVD), also known as Metal 

Organic Vapour Phase Epitaxy (MOVPE) or Organo Metalic Vapour Phase Epitaxy 

(OMVPE). All the structures described in this work are fabricated exclusively by the 

MOCVD method which is briefly introduced here, based on the discussion in 

Chapter 4 of reference [41]. The operational principles of a horizontal flow reactor 

are depicted in Fig. 2-15, where the working principle can be divided into four 

stages. Stage one is the gas handling section where the majority of the metal organic 

precursors are in the liquid phase and need to be brought into the vapour phase via 

the help of elemental hydrogen (H2), acting as carrier gas, which streams thorough 

the precursor bath (bubbler) and carries the metal organic compound with it; some of 

the group V sources are already in the gas phase such as hydrides, i.e. Arsine (AsH3) 

and Phosphine (PH3). An elaborate system of three-way valves and mass flow 

controllers is required in order to establish a constant overall pressure at the source 

for reproducible growth rates. Variations in the total gas flow or switching transients 

due to necessary changes (switching on/off) of partial gas pressures of the different 

components in the growth reactor must be prevented. This is realised by the 

integrated “continuously purged 5/2-way valves” in the run/vent manifolds. Stage 

two is the growth chamber/reactor itself. In general these reactors can be separated 

into horizontal and vertical gas flow with respect to the wafer surface. As the 

organo-metallic gas or hydride molecules, such as trimethylgallium (TMG), 

trimethylindium (TMIn), phosphine (PH3), etc. stream across the heated susceptor, 
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they break down into their different components, which react with the wafer surface 

to form the epitaxial layers. The third stage of this type of growth reactor is the 

pressure control part, mainly consisting of a throttle valve and the vacuum pump for 

maintaining process pressures in the range between about 1/100 – 1 atmosphere.  The 

last stage is the exhaust gas treatment facility, consisting of the scrubber. The exhaust 

gas treatment is important, as highly toxic waste products such as arsenic hydride 

(AsH3) are part of the gas mixture. These hazards can be reduced by the use of 

alternative precursors such as tertiarybutylarsine (TBA) [42] although they come 

with the expense of increased background doping [43].   

 
Fig. 2-15 A schematic of a MOCVD reactor showing the gas handling section, the 

reactor chamber, the pressure and exhaust gas control systems [41].  

 

The reactor used for the growth of the InP/AlGaInP QD VECSELs described in 

Chapter 4 is a Semicon MR350 low pressure (100 Torr) horizontal flow channel 

reactor with a nonrotating susceptor [44]. As can be seen on the left hand side of Fig. 

2-16, the reactor consists of two tubes; a round outer and a rectangular inner tube. 

The pressure in the outer chamber is slightly higher compared to the inner one. The 

rectangular shape of the inner chamber enables a more homogeneous gas flow. The 

wafer rests on a heated graphite susceptor which is placed inside the rectangular 
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inner tube and the temperature is set by a heater coil outside the round chamber. A 

homogeneous and uniform deposition is difficult to achieve with this type of reactor 

for several reasons:  

 The temperature control together with a uniform temperature distribution 

across the unrotated susceptor are challenging.  

 The gas flow is directional, meaning that the reactants in the gas become 

depleted in the time it takes to pass the wafer. The side of the wafer closest to 

the gas inlet experiences a faster growth rate compared to the part, furthest 

away if the susceptor is not rotated. The form, friction and temperature 

gradients of the chamber walls can mitigate a homogeneous laminar gas flow 

and enable recirculation and turbulences creating thickness and compositional 

non-uniformities across the wafer.  

 
Fig. 2-16 Left: Schematic of a horizontal flow channel reactor illustrated in the top 

and side view [41]. Right: MR350 reactor, used for the fabrication of the 

InP/Ga0.51In0.49P Dwell VECSEL structures by the National Centre of III-V 

Technologies at the University of Sheffield [44].  
 

The non-uniformity across a two inch wafer, caused by the formerly mentioned 

reasons is usually 5 % [45] which can also be seen in the post growth wafer 

characterisation of an InP/Ga0.51In0.49P QD calibration growth wafer sample in 

Appendix A.3 (MR2959). These are negative effects for the fabrication of 

commercial products, where non-homogeneities are undesirable and other, more 

complicated MOCVD reactor designs either with horizontal and vertical gas flow are 

much more suitable for large growth capacities and more homogeneous epitaxial 

layer deposition. For research purposes, these layer thickness variations offer a 
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further degree of freedom and prove advantageous, i.e. for surface emitting 

structures, where resonances or the emission wavelength of QWs are affected and 

slight variations like these can be very helpful, as they allow the examination of the 

structure performance for a set of different, small changes. 

 

2.4.1 Heteroepitaxy and strain effects 

 

 
Fig. 2-17 Schematic of the bandgap structure behaviour of bulk GaxIn1-xAs under 

biaxial strain in dependence on the Ga mole fraction x. a) compressive strain (no 

strain), b) lattice matched condition and c) tensile strain [38]. The upper diagrams 

illustrate the deformation of the crystal lattice for the three different cases.  
 

Heteroepitaxy describes the growth of dissimilar material layers on top of each other. 

Standard methods to establish this are given in the previous section on the growth. 

With these methods it is possible to produce high quality, monolithic single crystal 

structures of a vast range of different materials, consisting only of one single 

element, such as carbon, silicon and germanium, or binaries like GaAs, InP and GaN 

or ternaries, quaternaries and so on. Intentional doping for the control of electrical 
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conductivity is also possible with these methods. There are still constraints with 

respect to strain build-up in the multilayer structures. The upper sketches in Fig. 2-17 

illustrate schematically the growth of strained epilayers on top of a substrate with the 

in-plane lattice constant   . If the averaged lattice constant      of the epilayer 

composition differs from the underlying substrate, it generates a misfit strain. This 

can be understood in the following way. The newly deposited atoms can ideally 

occupy only lattice positions defined by the substrate. This means, that the epilayer 

atoms have to adopt the substrates’ lattice constant. Due to the 

difference             , the newly deposited atoms grow with distorted lattice 

structure in order to match the lattice of the underlying substrate at its interface. This 

circumstance causes also a deformation of the crystallographic structure along the 

growth direction [46]. The in-plane misfit strain     is defined in ref. [47] and can 

be expressed as the sum over the strain which can be accommodated elastically     

and plastically     [46].  

     
  

  
             Equation [2-28] 

   

The misfit strain is negative if the original lattice constant of the epilayer is larger 

than that of the substrate which causes it to be compressively strained [48]. Positive 

misfit strain causes tensile strain. For epilayer thicknesses below the critical 

thickness,      , defined by Matthews & Blakeslee [49,50],         in equation 

[2-28] and can be neglected. Here the misfit energy can be accommodated purely 

elastically and the growth of the epilayer is coherent. Plastic strain relaxation is the 

energetically most favourable process when the epilayer thickness exceeds       [50]. 

This is illustrated by the hashed area in Fig. 2-18 (right) for strained GayIn1-yP QWs 

grown on lattice matched (Al0.6Ga0.4)0.5In0.5P [14,51]. In VECSEL devices strain is 

usually introduced mainly in gain layers, be it QD-layers or strained QWs, for 

reasons discussed in Section 2.4.2. The inclusion of multiple gain layers in order to 

increase the modal gain of these structures requires strain balancing, if the 

accumulated strain becomes too high. The method of zero-stress of QW structures by 

Ekins-Daukes et al. [47] describes the strain balancing of two consecutive layers, 

where the first is strained either compressively or tensile and the second one in 
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opposition under consideration of the layer thicknesses, elastic stiffness constants 

and lattice parameters. The condition for zero average in plane stress is given by the 

following expression:  

                      Equation [2-29] 

   

with the indices 1 and 2 indicating the parameters for the first and second layer and 

where the layer thickness, elastic misfit strain, and lattice constant are depicted by  , 

  and   respectively. The parameter   is given by the elastic stiffness coefficients 

    and     of the material of the corresponding layer:  

           
    

 

   
  Equation [2-30] 

   

Balancing the strain with respect to the underlying substrate yields:  

      
        

          
 

      
        

 
  Equation [2-31] 

   

The Matthews & Blakeslee relation describes the dependence of the critical thickness 

on the misfit strain. This sets limitations on the use of strain in QWs, which tolerate 

only small values of misfit strain. Self-assembled QDs on the other hand require 

much higher strain levels for their formation and offer an alternative to the use of 

QWs. Nonetheless, too high strain levels have an effect on QDs as well. Indications 

that slightly tensile-strained GayIn1-yP QWs on top of InP QD-layers, forming a 

dot-in-a-well, which is grown on top of an (Al0.3Ga0.7)0.51In0.49P matrix show 

improved PL performance with respect to the use of a lattice-matched Ga0.51In0.49P 

QWs and is discussed in Chapter 4 later in more detail. The introduction of threading 

dislocations, originating in non-coherently strained QDs is also a cause of high strain 

levels inside larger islands, which can’t be accommodated elastically [52] see 

Section 4.4.5. Dislocations stop only at interfaces, boundaries or other defects and 

can penetrate the whole structure, growing into the newly deposited layers. They are 

usually the cause for non-radiative carrier recombination effects and hamper the 

efficiency or lifetime of the fabricated devices.  
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2.4.2 Strain and its effects on the bandgap structure 

 

As mentioned above, strain is caused when the lattice constants of a grown layer and 

the substrate differ from each other. On the one hand, where the growth quality of 

heterostructures is concerned, misfit strain is not desirable. On the other hand, it is 

often not avoidable and in many cases even required. Strain affects both the electro-

optical properties and the formation (self-assembling) mechanisms in semiconductor 

devices [39]. The emission wavelength of quantum wells i.e. can also be adjusted by 

misfit strain. Other important laser properties, such as the polarisation of the gain or 

the threshold carrier density are also affected by biaxial strain. For group III-V 

semiconductors with a zincblende crystal lattice configuration the conduction and 

valence bands can be described by an atomic orbital model, where the conduction 

band has a spherical s-type atomic orbital. The valence band is split into three 

distinct subbands, the heavy-hole (hh), light-hole (lh), and the spin-orbit split off 

band (so), making it p-type in nature. A representative example based on the bulk 

GaxIn1-xAs is illustrated in Fig. 2-17, taken from Chuang et al. in [38]. A similar 

discussion on GaxIn1-xP QWs with lattice-matched (AlxGa1-x)0.5In0.5P barriers was 

given by Bour et al. in [14]. The authors state that compressive strain has two 

different effects.  

 intermixing of the different valence bands in favour of the hh-band. 

 a change in the effective hole mass characteristics of the hh-band, resulting in 

a reduction of the density of hole states around the wave vector k = 0. This 

causes an improved symmetry between the density of states in the conduction 

and hh-band.  

The result is a lower pump power threshold as population inversion can be achieved 

more easily. The altered intermixing of the subbands due to misfit strain becomes 

also remarkable in the energy bandgap shift, depicted in Fig. 2-17 and in case of  

GaxIn1-xP QWs in Fig. 2-18 left hand side taken from Olson et al. [48] and the right 

hand sight figure from Bour et al. [14]. Fig. 2-18 left describes an almost linear shift 
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of the bandgap with misfit strain ranging between                  . Higher 

strain levels in both directions cause degradation of the crystal quality under 

generation of cracks (tension) and dislocations (compression). These can act as 

non-radiative carrier recombination centres, limiting the device’s lifetime and 

performance. Fig. 2-18 right shows that the polarisation of the emitted field is also 

dependent on the strain. This is particularly important for surface-emitting devices. 

Nomenclature defines light with the electric field vector oscillating in the direction 

parallel to the epilayer plane as transverse electric (TE) and in the direction parallel 

to the growth direction (normal to the surface) as transverse magnetic (TM) 

polarised. The gain of the hh transition is TE polarised, thus this polarisation is 

dominant for lattice-matched or compressively-strained QWs. Tensile strain causes 

the lh-subband to become the ground state and is responsible for TM polarised 

oscillation [14]. Tensile strained QWs are therefore not desirable for surface emitting 

laser structures.  

 
Fig. 2-18 Strain related effects on group III-V semiconductor materials. Left: 

Energy bandgap shift with misfit strain in case of GaxIn1-xP epilayers on GaAs [48]. 

Right: Strain effects on the QW emission wavelength and polarisation behaviour of, 

in this case GaxIn1-xP QWs embedded in (Al0.6Ga0.4)0.5In0.5P in dependence on the 

Ga mole fraction x. The hatched region indicates the material state where strain is 

beyond the Mathews-Blakeslee critical thickness above which structural degradation 

occurs [14]. 
 

The importance of strain and its management inside a multi-layer structure such as 

VECSELs becomes clear from the previous discussion. The first published VECSEL 

study by Kuznetsov et al. [40] already contained strain balancing layers in order to 

compensate for the accumulated compressive-strain from the QWs.  
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2.4.3 Self-assembled quantum dots 

 

As mentioned above, misfit strain is important for the formation of self-assembled 

QDs. In terms of QWs the allowed misfit strain is restricted to low and moderate 

strain levels of usually < ±1 % in the in-plane direction (depending on the critical 

layer thickness) before serious degradation of the structural quality sets in. In 

contrast to this, QDs are not only capable to accommodate higher misfit strains their 

three dimensional formation process requires in fact higher amounts of compressive 

strain. In case of the InAs or InP QDs grown on materials lattice matched to GaAs 

substrates, the misfit strain is around 7.2 and 3.7 % respectively. There are also 

limitations on misfit strain in QDs, which has an effect on the total amount of 

material deposition for the formation of coherently strained (defect free) QDs and 

ultimately on their size and size distribution. Growth parameters, such as III-V ratio, 

growth temperature, deposition rate, growth interruption time, pressure and nominal 

layer thicknesses, substrate orientation, all affect the properties of the QDs [39]. The 

higher tolerance of self-assembled QDs towards lattice mismatch opens up new 

possibilities to combine these structures with other barrier compositions, which lie 

outside the range of the material constraints for QWs. This enables laser emission at 

wavelengths outside the scope of QW structures by improving the carrier 

confinement or shifting the emission wavelength towards longer wavelengths as will 

be discussed in Chapter 4 in more detail. Furthermore, the self-assembled growth of 

QDs usually results in a larger size distribution and causes a broad gain bandwidth 

[53]. The three dimensional carrier confinement in QDs causes atom like energy 

level configuration with discrete energy levels, which could allow not only ground 

but also excited state radiative emission, if available and other advantageous 

properties already mentioned above. The VECSEL structures developed in this work 

utilise two different types of QDs: Stranski-Krastanow (SK) and submonolayer 

(SML) QDs, shown in Fig. 2-19 b). Both types are grown by molecular beam epitaxy 

(MBE) and metal organic chemical vapour deposition (MOCVD). QDs in the 

Stranski-Krastanow growth mode pass a series of different transitions during their 
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formation illustrated in Fig. 2-19 a) [54]: two-dimensional (2-D) growth of the 

so-called “wetting layer”, where the deposited atoms cover the surface. Diffusion and 

strain related drift forces these atoms to accumulate and form one-atomic-layer-thick 

islands. These islands expand with increasing amount of deposited atoms until they 

cover the entire surface. For on-going deposition, the 2-D layer-by-layer growth 

continues until a critical effective layer thickness,    , is reached. This growth is 

depicted in section (A) where the time scale refers to the growth time under constant 

deposition rate.  

 
Fig. 2-19 a) Formation of SK type QDs. A) stable 2-D growth of the wetting layer. 

B) supercritical 2-D growth with excess energy stored in the layer. C) strain driven 

2-D to 3-D transition after activation energy has been reached. 3-D formation 

minimises the excess energy in the layer. D) QD ripening with further strain energy 

decrease until stable condition is reached [54]. b) sketch of a SK QD-layer and a 

SML QD-layer.  
 

 

 at the point where the wetting layer is equal to     the stable 2-D growth goes 

over into a metastable 2-D growth. The metastable stage (B) describes the 

range between     and the point,  , at which the 2-D to 3-D transition sets in. 

The energy difference between the two end points of stage (B) is defined as 

the activation energy,   .  

 stage (C) illustrates this transition, which is driven purely by strain relaxation 

in order to minimise the excess energy, EE, stored in the metastable wetting 

layer.  

 the last stage (D), is island ripening, where the already formed 3-D islands 

relax further in order to release the excess strain energy completely to form 

stable QDs. In the case of InAs on GaAs,  and InP on GaInP (lattice-matched 
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to GaAs substrates), the critical wetting layer thickness corresponds to  1.5 

[55] and 1.8 [56] monolayers (ML) respectively.  

S-K QDs possess a very broad and even gain bandwidth, suitable for temperature 

insensitive laser performance and excited state radiative transitions [26,43]. 

Submonolayer (SML) QDs are formed when layers with a nominal thickness of less 

than one monolayer (ML) of two different material compositions (i.e. InAs/GaAs) 

are grown successively on top of each other in the following way:  

 Nucleation of 1ML thick 2-D islands in the same way as in stage (A) of SK 

growth. The difference here is that there is not enough material to cover the 

entire surface area.  

 The material composition is changed abruptly and the remaining gaps are 

filled and the 2-D islands are covered.  

The two steps are repeated several times in order to create the SML QDs as 

illustrated in Fig. 2-19 b). Due to a strain gradient, caused by the dissimilar lattice 

constants, the new two dimensional islands arrange themselves on top of the buried 

islands, leading to an ordered stacking. The advantage of this type of QD is that they 

are more homogeneous in size distribution. They can be grown with an ultra-high dot 

density per QD-layer (in the range of 10
11

-10
12

 cm
-2

), which enables higher modal 

gain levels and stronger PL emission intensity compared to S-K type QDs [57]. 

Additionally, their volume and thus their quantum confinement can be adjusted 

simply by setting the number of repeats of the two growth steps (see Chapter 3) and 

keeping the deposition time for the two repeats unchanged or variation of the 

deposition time for a constant number of repeats, thus nominal submonolayer 

thickness [25]. 

So far, an introduction to VECSELs, together with an overview of latest 

achievements in the development of these devices was given in Chapter 1. This 

chapter was concerned with the theoretical background and growth, important for the 

design of VECSEL structures. The rest of this thesis will be concerned with the 

structure design, experimental work and analysis applied for the development of 

VECSEL structures utilising QD-based active regions, both for InAs/GaAs QDs 
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(Chapter 3) and InP QDs (Chapter 4) respectively. Chapter 5 is concerned with the 

generation of visible light from the infra-red via sum-frequency generation. A 

general conclusion is presented in Chapter 6.  
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Chapter 3: 

2 InAs/GaAs submonolayer quantum dot based VECSELs 

InAs/GaAs submonolayer quantum dot based VECSELs  

3 InAs/GaAs submonolayer quantum based VECSELs dot based VECSEL 

This chapter discusses the characterisation of a submonolayer quantum dot (SML 

QD) based VECSEL. It is divided into four sections, the first of which gives a short 

and very general overview of work done on In(Ga)As/GaAs based VECSELs prior to 

the present project up to the introduction of In(Ga)As QDs as gain material. The 

specific structure design and growth parameters are presented in the second part 

followed by spectroscopic and laser characterisation, discussed in section three. 

Early involvement of this group, under the supervision of Dr. Stephane Calvez at the 

Institute of Photonics (University of Strathclyde, Glasgow, UK), in the development 

of these QD based VECSELs was performed in terms of structure design and 

characterization of the first grown SML QD devices, which successfully 

demonstrated laser emission [1,2]. Other collaborating partner institutions in the 

course of the EU funded NATAL project (EU FP6 NATAL contact no. 016769) 

were the groups of Prof. Dieter Bimberg at the Technische Universität Berlin, Institut 

für Festkörperphysik, Germany, who carried out structure fabrication and of Prof. 

Oleg G. Okhotnikov of the Optoelectronics Research Centre, Tampere University of 

Technology, Finland, involved in structure characterisation. Advances of these and 

other research groups on the new QD based VECSEL devices subsequent to this 

work, are summarised in section four, both for S-K and SML QD growth modes.    

 

3.1 Towards In(Ga)As QD based VECSELs 

 

The InGaAs/GaAs material system is so far the most studied and developed 

semiconductor composition used for VECSEL device production. It has superior 
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properties in terms of carrier confinement, gain, thermal conductivity, and most 

importantly, it can be easily lattice matched to the GaAs substrate, allowing epitaxial 

growth on top of Al(Ga)As/Ga(Al)As DBRs. The spectral coverage of VECSELs 

with different material compositions of the active region was introduced in Chapter 

1, where it has also been stated that the laser performance of InGaAs QW based 

devices decreases rapidly for wavelengths outside the 920-1180 nm region due to:  

 Poor carrier confinement at short wavelengths, 

 Strain related constraints at long wavelengths,  

reducing the efficiency. Regarding the former, decreasing Indium (In) in the QWs 

decreases the lattice mismatch and increases the energy bandgap, but reduces the 

confinement potential between InxGa1-xAs QW and the GaAs barrier. Thermal escape 

mechanisms become more significant and cause reduced radiative emission 

efficiency. In the second case an increase in     mole fraction would decrease the 

energy bandgap, but increases the lattice mismatch and thus increase misfit strain, 

setting the upper wavelength limit. In order to circumvent this poorer performance, 

other material compositions/alloys for substrate, DBR and QW based active region 

have been used as was already presented in Chapter 1. Vertical-cavity surface 

emitting laser devices (VCSEL) incorporating QDs were successfully demonstrated 

prior to this work, e.g. in Lott et al. [3] and the first report on a VECSEL-like 

structure based on InAs/InGaAs QDs in a well was published by the same group in 

2005 [4]. In this case a VCSEL structure with a 3-λ long micro-cavity, utilizing the 

RPG concept for gain enhancement was processed after growth and testing into a 

VECSEL structure by partial removal of the top mirror. Over 120 mW of output 

power around 1270 nm were demonstrated with an optical efficiency of more than 

5 %. The demonstrated emission wavelength was also higher than the upper limit of 

1180 nm for QW VECSELs. It is thus not surprising that the first QD based 

VECSEL, which was designed as such was demonstrated in the InGaAs/GaAs 

material system  by Strittmatter et al. [5] exploiting the first excited state of InGaAs 

QDs grown in the Stranski-Krastanow (S-K) regime. These quantum dots had a 

ground state and first excited state emission at 1100 nm and 1040 nm respectively, 

due to the higher gain available from the first excited state the laser was designed for 
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emission at the latter. This was done by placing the centre of the DBR mirror and 

resonances at 1040 nm. At the same time structures incorporating SML QDs, 

emitting at the same wavelength were also grown and tested, which are discussed in 

the following sections. 

 

3.2 Design and growth 

 

 
Fig. 3-1 VECSEL gain structure design for 1040 nm emission using InAs/GaAs 

sub-monolayer quantum dots. The refractive index pattern is represented by the 

black solid line and the signal field intensity by the red dash-dotted line. An 

illustration of the 10 cycles of InAs/GaAs sub-monolayer QDs surrounded by a 

GaAs matrix/capping is given in the inset.  

 

 

Fig. 3-1 shows the refractive index profile and the field intensity in the designed 

structure. (Characterisation on this structure was also published by Germann et al. [1] 

independently, where further details of the growth procedure can be found). The 

MathCad design is presented in Appendix A.7 and was created by Dr. Stephane 

Calvez. The VECSEL was grown on top of an undoped (100) GaAs substrate by 

metal organic chemical vapour deposition (MOCVD). A sequence of 35.5 pairs of 
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λ/4 thick, nearly lattice-matched Al0.98Ga0.02As/Al0.2Ga0.8As layers were deposited on 

top of the substrate to form a high reflective distributed Bragg reflector (DBR) with a 

calculated reflectivity of RDBR =  99.96 % and a total stopband width exceeding 

90 nm, centred at 1040 nm. The active region was set to be resonant at the same 

wavelength and incorporated 13 SML InAs/GaAs QD-layers non-uniformly 

distributed at the seven field antinodes and was grown directly on top of the DBR. 

An offset of 20 nm between the room temperature peak gain and the subcavity 

resonance was introduced, as commonly used for QW structures to accommodate for 

the thermal dependence of the dot emission. The active region consisted mainly of 

GaAs serving the multiple purposes as the growth matrix for the QD deposition, as 

separators between adjacent SML QD-layers within a group and as pump absorption 

barriers. The non-uniform distribution of 2x3, 2x2 and 3x1 SML QD-layers was 

chosen with respect to the exponentially decaying pump field intensity with 

penetration depth , accommodating as many gain layers as possible in the first few 

field antinodes (see Section 2.2.3.1 for further clarification). Estimated pump 

absorption of about 80 % within the active region was supposed to ensure 

sufficiently high carrier densities in all dot layers. With this in mind, the first design 

used the non-uniform QD-layer distribution in order to avoid any reabsorption of the 

emitted laser light from the deeper lying, unpumped dots. The SML QD-layers 

consisted of 10 cycles of 0.5 ML (0.15 nm) InAs and 2.3 ML (0.65 nm) GaAs and 

were separated by 20 nm thick GaAs spacer layers within a group to avoid structural 

coupling. A 230 nm thick Al0.3Ga0.7As window layer was grown on top of the active 

medium in order to prevent the photo-generated charge carriers from escaping to the 

surface. A 10 nm thick GaAs cap-layer concluded the 7.4 μm thick structure to 

protect the aluminium containing layers from oxidation. 

 

3.3 Characterization 

 

For initial characterization purposes, temperature dependent spectroscopy and tests 

inside a laser cavity were done. The spectroscopic measurements taken were 
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reflectivity, surface as well as edge photoluminescence (PL). By the use of different 

growth calibration structures, which consisted only of one single SML QD-layer with 

different cycle numbers and where the structure is described in more detail below, 

edge-PL measurements were carried out in order to examine the un-modulated PL 

emission in dependence on the SML QD height. Laser and output power decay 

experiments are also discussed in a further subsection of this chapter.   

 

3.3.1 Spectroscopic characterization  

 

3.3.1.1 Photoluminescence test sample characterisation 

 

For a closer examination of the SML QD emission behaviour with temperature and 

QD height, edge photoluminescence measurements were taken for the growth 

calibration structures. These samples were grown on top of a (100) GaAs substrate. 

The substrate was first covered by a 500 nm thick GaAs buffer layer, followed by 

50 nm of Al0.6Ga0.4As and 146 nm GaAs, all deposited at 700 ⁰C. A single 

submonolayer QD-layer with 5, 10 or 20 cycles of 0.5 ML InAs / 2.7 ML GaAs was 

grown at 500 ⁰C and capped by 6 nm GaAs. These QDs had a higher GaAs fraction 

compared to the dots used in the VECSEL structure, which resulted in a shorter 

emission wavelength. The structures were concluded by a sequence of 140, 20 and 

50 nm thick layers of GaAs, Al0.6Ga0.4As and GaAs respectively at a growth 

temperature of 600 ⁰C. A sample containing one single 9-nm-thick In0.18Ga0.82As 

QW-layer, tuned to emit around the QD emission wavelength, was also used for 

comparison. All following reflectivity and PL measurements were undertaken using 

an ISA JOBIN YVON – SPEX spectrum analyser model HR460 with a 1200 

lines/mm grating. The optically excited signal was first collimated by the collection 

lens, the beam than chopped by a beam chopper and finally focussed onto the 

entrance slit of the spectrum analyser using a 300 mm focal lens. The chopper was 

connected to a Lock-In-Amplifier (Stanford-Research-System, Model: SR530) for 

measurement/signal synchronisation and amplification. Detection of the spectrally 
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resolved signal occurred via an InGaAs photodiode, which was positioned at the exit 

slit of the spectrum analyser monochromator unit (See experimental set-up 

descriptions in the Appendix A.8). The used spectral resolution was 1 nm.  

 
Fig. 3-2 Left: Normalized edge-PL spectra at room temperature for growth 

calibration structures containing one SML QD-layer with 5 (black), 10 (red) and 20 

(blue) cycles of InAs/GaAs and a single QW (green). Edge PL emission of the 

completed VECSEL structure containing 13 SML QD layers with a different 

InAs/GaAs mole fraction ratio is given by the pink line. Right: Emission spectra of 

5 cycle SML QDs for high and low excitation in dependence on the deposition time, 

tInAs. Courtesy: Udo W. Pohl, Technische Universität Berlin, Institut für 

Festkörperphysik. 

 

Edge PL is the unmodulated emission of the quantum dot ensemble collected from 

the sample facet. The 532 nm laser beam from a commercial frequency doubled 

diode pumped Nd:YVO4 laser was focussed with a focal lens (f = 50 mm) onto the 

surface under normal incidence close to the edge.  The PL was collected at an angle 

with respect to the layer plane in order to avoid the superposition of the signal with 

wave-guided photoluminescence (PL). PL spectra were taken with a pump spot size 

of about Ø = 60 μm and a maximum excitated power of 20 mW corresponding to a 

pump density of ~700 W/cm
2
. The edge PL was collected and collimated in this case 

by a microscope lens, having a focal length of f = 6.3 mm and a numerical aperture 

(NA) of 0.4. (The schematic experimental setup can be seen in the Appendix A.8). 

Measurements were done in a temperature range between 10-90 ⁰C, where the 

temperature was controlled by the help of a Peltier thermo-electric element onto 

which the sample was attached with conductive silver paste. The experimental results 

were finally compared to the completed VECSEL sample under investigation, having 

13 layers of 10 cycle SML QDs. Several things can be taken from Fig. 3-2 left, 

which shows normalised, edge PL emission of all growth calibration structures and 
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compares them with the completed VECSEL device. The emission wavelength of the 

SML QDs increases with increasing cycle number from 958 nm, 995 nm and 

1014 nm as expected due to the increased QD volume (stacking in growth direction). 

The comparison of the room temperature full width at half maximum (FWHM) 

values for the growth calibration samples are 16 nm, 18 nm and 22 nm for the 5, 10 

and 20 cycled SML QD-layers slightly increasing with emission wavelength and 

very similar to the value of the single QW (16 nm). This might be due to the very 

uniform size distribution of this type of QDs as reported in [6] and due to the 

relatively low pump density. The edge-PL peak of the completed VECSEL structure 

is with 32 nm broader and also considerably red-shifted with respect to the 10 cycled 

SML QD-layer calibration growth sample. The broader peak width could be 

explained by the increased number of QD-layers (13 in total) within the active region 

of the VECSEL. Stacking several of these structures on top of each other leads to a 

vertical ordering due to the induced strain fields of the underlying QDs but also to an 

increase in size [6]. The higher emission wavelength is perhaps caused by the lower 

GaAs ratio in the SML QD-layers implemented in the VECSEL structure compared 

to the growth calibration samples. The right hand side of Fig. 3-2 illustrates the 

variation of the emission wavelength of a single 5 cycle SML QD layer sample in 

dependence on the InAs deposition time,      , i.e. the nominal layer thickness. The 

peak emission wavelength can be varied in the range of just below 1000 to 1100 nm 

by increasing the growth time from 3 to 5 s. A flat wide broadening of the emission 

spectrum is recognisable at a high excitation density towards lower wavelength. This 

behaviour can be understood such, that smaller QDs become populated at high 

excitation levels. The very flat spectra make broad wavelength tuning and 

temperature stable operation possible. Fig. 3-3 depicts the thermal dependence of the 

SML QD emission. The measured increase in emission wavelength with temperature, 

  

  
          ⁄ , is the same for all growth calibration samples, including the QW, 

and correspond well with the literature value of 0.3 nm/K for InGaAs QW structures 

near 1 μm emission [7]. In both cases, SML QD and single QW the PL emission 

wavelength depends on the energy bandgap shift with temperature and follows the 

Varshni relation as was reported to happen for InAs/GaAs S-K QDs by Dai, et al. 

[8]. A possible reason for the lower temperature dependence of the VECSEL 
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structure could be that the detected edge-PL emission is modulated by the resonance 

effect of the subcavity in the vertical direction, due to the presence of the DBR and is 

discussed in further detail below.  

 
Fig. 3-3 Edge PL thermal behaviour of the SML QD with 5 (black squares), 10 (red 

circles), 20 (blue upwards triangles) cycled and the single QW (green diamond) 

growth calibration structures. The thermal shift of the VECSEL gain region (10 

cycles of InAs/GaAs SML QDs) is represented by the pink downwards triangles.  

 

 

 

3.3.1.2 VECSEL characterisation  

 

Further spectroscopic characterisation of the completed VECSEL structure was 

carried out to determine the positions of the subcavity resonance, the 

photoluminescence peak position, and their behaviour with respect to temperature 

and/or pump density.  

The reflectivity stopband position and width, together with enhanced 

absorption/resonance feature(s), are probed by the use of a broad emitting white light 

tungstate lamp. The light is focussed onto the sample surface with a spot size of 

about Ø = 2 mm in diameter. The reflected light is collimated and chopped by a 



Chapter 3: InAs/GaAs submonolayer quantum based VECSELs dot based VECSEL 
 

91 | P a g e  

beam chopper and finally focussed onto the entrance slit of the spectrum analyser. 

The detected spectrum was then divided by the signal of a reference silver mirror. 

The experimental arrangement for the surface PL measurement was very similar to 

the already described edge PL set-up, only that the pump beam was incident under an 

angle of 30 ⁰ and the PL collected in the direction perpendicular to the surface by a 

focal lens (f = 80 mm). In this configuration, the PL emitted by the quantum dots is 

modulated by the subcavity between DBR and semiconductor/air interface. (See 

experimental set-up descriptions in the Appendix A.8).  

 
Fig. 3-4 Left: Temperature dependent reflectivity spectra at 20 (black), 40 (red), 60 

(blue) and 80 ⁰C (green). Right: Thermal shift of the absorption feature (red circles) 

and reflectivity stopband (blue squares) indicated by the arrows in the reflectivity 

spectra.     
 

One set of measurements including reflectivity, surface or edge PL, was taken under 

controlled conditions, where the temperature, pump spot position and the pump 

density were kept constant, thus the intensities can be related to each other. The 

measured reflectivity spectra in a temperature range of 10-90 ⁰C are shown in Fig. 

3-4 (left). The thermal shifts of the DBRs stopband and the distinct absorption 

feature are shown in Fig. 3-4 (right). The measured thermal shift of the absorption 

feature is    
  

      
            ⁄  and corresponds to the thermal dependence of the 

growth calibration structures. The increase of the enhanced absorption feature with 

elevated temperatures is a sign of increased matching between the subcavity 

resonance and the SML QD gain. The estimated red-shift of the DBR reflectivity 

stopband  
  

     
            ⁄  is in contrast much weaker and caused by the 

temperature dependent refractive index. Surface PL spectra at various temperatures 
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are presented in Fig. 3-5 (left) together with the room temperature reflectivity 

spectrum for clarification. Three different features can be recognised and are 

indicated by the arrows, which represent the positions at which the data points in Fig. 

3-5 (right) are taken for the determination of the shift rates. The sharp peak in the 

surface PL at the left is a resonance feature caused by the DBR reflectivity stopband 

edge. Noticeable in this graph is the increasing surface PL intensity of the merging 

two centre peaks. This is characteristic for an improving match between the gain and 

the subcavity resonance/RPG, discussed in previous Section 2.2.3.3. The fast shifting 

peak has a rate of  
  

        
         

  ⁄
, similar to the absorption feature in the 

reflectivity stopband and is caused by the thermal dependence of the bandgap energy 

of the SML QDs. The peak with the slow shift rate has the same thermal dependence 

as the DBR reflectivity stopband of  
  

            
         

  ⁄
 and is caused by 

subcavity resonance. The graph in Fig. 3-5 (right) suggests that the matching point is 

reached at around 80 ⁰C and corresponds well with the expected working 

temperature of the device under realistic pumping conditions.  

 
Fig. 3-5 Left: Surface photoluminescence spectra in a temperature range of 

10-90 ⁰C. The room temperature reflectivity spectrum (dashed line) is shown for 

clarification of the peak positions. Right: Thermal shift ratios of the subcavity 

resonance (blue triangles), SML QD PL (red circles) and the reflectivity stopband 

(black squares).  
 

Ideally the edge-PL spectra, shown in Fig. 3-6, should be related to the un-modulated 

(by the subcavity effect) SML QD photoluminescence. The estimated thermal shift 

ratio in this case is    
  

         
         

  ⁄
  and is illustrated in Fig. 3-2 together 

with the edge PL of the growth calibration structures. This shift is considerably lower 
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than the previously determined value in terms of the reflectivity and surface PL 

measurements. An explanation could be that the detected edge photoluminescence is 

still modulated by the subcavity resonance, which is possibly caused by waveguided 

PL and scattered light at the rough interfaces due to the three dimensional island 

growth. An indication for this argument can be found in Fig. 3-5, where the 20 ⁰C 

curve has a local peak maximum around 1005 nm (thought to be the SML QD 

ensemble emission) which corresponds very well with the room temperature peak PL 

emission of the 10 cycle growth calibration structure in Fig. 3-2 (left). Fig. 3-6 also 

illustrates the decrease in emission efficiency with increasing temperature. The 

thermally induced carrier escape from the dots into the higher lying barrier states and 

the subsequent non-radiative recombination are a cause of this decay. The small, 

sharp spikes in the edge-PL spectrum at 1064 nm are caused by the second order 

diffraction of the 532 nm pump light at the spectrometer grating and are not a feature 

of the QD emission.  

 
Fig. 3-6 Edge photoluminescence spectra in a temperature range from 20-100 ⁰C. 

Also presented is the normalised room temperature reflectivity for clarification. 
 

A final discussion on the increased red-shift of the surface PL peak compared to the 

determined peak shift of the growth calibration structures is given below. One would 

expect the surface PL shift rate to be either equal to the shift rate of the subcavity  
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Fig. 3-7 Graph from [9] illustrates the simulated surface-PL behaviour of a QW 

based IR VECSEL in a range of 250 ⁰C for different gain bandwidths. The thermal 

behaviour of the QW gain dominates the surface-PL if the gain bandwidth is 

narrow. For a very broad gain bandwidth the surface-PL shift is controlled by the 

subcavity resonance.  

 

resonance or the PL peak emission of the QD bandgap energy. In fact, the rate is 

higher and might be explained by the effect of mode pulling. Theoretical 

investigations on the thermal behaviour of the surface-PL in dependence on the gain 

bandwidth and the subcavity resonance enhancement were undertaken and compared 

with experimental results in the case of near-IR InGaAs QW based VECSELs by 

Giet et al. [9]. The calculations in Fig. 3-7 are taken from [9] and illustrate the 

thermal dependence of the surface-PL, which is dominated by the subcavity 

resonance, when the QW gain bandwidth is large (FWHM > 20 nm). In that case the 

thermal shift rate of the surface PL peak centre becomes 
  

     
         

  ⁄
 

(literature value for resonance shift of InGaAs caused by the refractive index change 

with temperature   
  

           
        

  ⁄
 [7]). On the other hand, in the case of a 

narrow gain bandwidth (FWHM < 10 nm), the red-shift rate of 

 
  

      
         

  ⁄
 is governed by the thermal dependence of the InGaAs QW 

bandgap energy (literature value  
  

         
        

  ⁄
 [7]). For intermediate 
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cases, both effects compete with each other, resulting in transition regions. The 

dashed lines represent the dependence of the bandgap energy and the resonance 

position with temperature and are approached asymptotically by the simulated 

curves. It can be seen that for temperature regions away from the crossing point 

(point where peak gain and resonance position are matched) the thermal shift rate can 

be higher than the bandgap energy redshift. SML QDs are considered to be very 

uniform in size compared to the QDs of the S-K growth mode. The gain bandwidth 

and shape is expected to be narrower due to this fact. It is also dependent on the 

excitation level, as can be seen in [1] and Fig. 3-2 right, thus causing the surface PL 

to behave similarly to an intermediate case in the graph.  

 

3.3.2 Laser characterization 

 

 
Fig. 3-8 Experimental arrangements: 1) Completed three mirror V-shaped laser 

resonator for power transfer and laser output power decay measurements. 2) Setup 

for photoluminescence decay measurements.  

 

Laser performance tests were undertaken with the experimental arrangement shown 

in Fig. 3-8. The three mirror V-shaped cavity consists of the gain structure as a plane 

end mirror, a high reflective (HR) folding mirror (FM) with a 100 mm radius of 
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curvature at a distance            from the VECSEL and a plane HR or 1 % 

output coupling end mirror (EM) at a distance of             from the curved 

mirror. The cavity arm dimensions were chosen to match the cavity mode to a pump 

spot diameter size of         . A fibre coupled diode laser with an emission 

wavelength of 808 nm served as pump. A 250-μm-thick natural diamond 

heatspreader was liquid capillary bonded (see Liau et al. [10]) to the intra-cavity 

surface for thermal management [11]. The bonded sample was mounted into a 

water/glycol cooled brass mount, set to 10 ⁰C.  

 
Fig. 3-9 Left: Power transfer: Laser output power with incident pump power below 

the onset of thermal rollover for 1 % output coupling. Right: Free running laser 

emission spectrum, modulated by the etalon effect of the diamond heatspreader, 

plotted on a semi-logarithmic scale. 

 

Fig. 3-9 left shows the power transfer measurement of the SML QD VECSEL 

structure. The right hand side of the figure shows a representative free running laser 

emission spectrum with a centre wavelength around 1029 nm and a total width of 

roughly 10 nm. The fringes in the spectrum are caused by the intracavity diamond 

heat spreader and are separated by about 0.8 nm according to the expression:  

         
      
 

     
  Equation [3-1] 

   

        is the fringe separation of the modulated laser output spectrum,        the 

laser emission wavelength and            [12] and             are the 

diamond refractive index and thickness respectively. The measured value 

corresponds very well to the thickness of the diamond heat spreader. The achieved 

maximum output power was around 500 mW with a differential efficiency of 17 % 
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for a 1 % output coupler. Table 3-1 compares laser performance values from this 

work to that reported in Germann et al. in  [1]. The tested samples were from the 

same wafer.  

Sample 
Pthr 

(W) 



(%) 

Pmax 

(W) 
pump (nm) laser (nm) 

Øpump spot 

(mm) 

This work 1.25 17 0.5 808 1029 60 

[1] 6.5 12.4 1.4 808 1034 180 

Table 3-1 Comparison of the experimental results from this work with published 

values form [1]. The indices: thr and max stand for threshold and maximum output 

power.  is the differential efficiency. 
 

Discrepancies result from a different cavity setup and pump condition. The laser 

cavity was optimised near the onset of thermal rollover (4.1 W incident pump power 

see Fig. 3-10 left) and the pump power was lowered towards the pump threshold 

power, which occurred at 1.3 W. The output power decayed within only a few 

minutes, affecting the power transfer and differential efficiency measurement. This 

decay of the output power accelerated with increasing pump power, hence 

pump-induced temperature. A more thorough discussion of this problem is given 

later in this section.  

 
Fig. 3-10 Left: Power transfer curve over the total incident pump power range (red 

squares). Dependence of the laser emission centre wavelength on the incident pump 

power (blue circles). Right: Central emission wavelength of the tree running laser 

spectrum with incident pump power.  

 

The power transfer curve of the same sample is given in Fig. 3-10 (left) for the whole 

available incident pump power range. The pump threshold is here 1.2 W and a 

differential efficiency of 11 % for an output coupling of 1 % was measured. The 

onset of thermal rollover occurs around 4 W pump power. A maximum output power 
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of 370 mW is achieved at a pump power of 5.5 W before the output power decreases 

rapidly and laser emission ceases at around 7 W. It was not possible to regain laser 

emission at the same pump spot, indicating permanent damage. It is thought that the 

measured behaviour of the power transfer curve is a superposition of conventional 

thermally-induced rollover (discussed in previous Sections 2.2.3.3 and 2.2.4) and the 

rapid output power decay. The transmitted signal through the high reflective folding 

mirror was focused into a fibre, which was coupled to an IR optical spectrum 

analyser (Hewlett Packard - Optical Spectrum Analyser 86142A with a maximum 

spectral resolution of 0.05 nm). The blue data points in Fig. 3-10 (right) are the 

weighted centre emission wavelength. A linear increase in laser emission wavelength 

with pump power is recognisable with a rate of change             ⁄⁄  for 

pump powers above threshold up to just beyond rollover. In this region, the 

wavelength scales linearly with temperature of the gain sheets as was stated by Kemp 

et al. in [13] in case of InGaAs QW VECSELs. The same group reports non-linear 

behaviour of the wavelength tuning with temperature in the ranges below threshold 

and above thermal rollover. For pump powers below threshold, the detected PL 

centre wavelength decreases with increasing pump power. This effect might be 

explained by state filling, meaning the population of shallower dot energy states 

(smaller dots) with increasing pump intensity. It causes a broadening and overall blue 

shift of the PL signal and is illustrated in Fig. 3-2 on the right hand side. The blue 

shift for the highest pump powers, above rollover behaves opposite to that stated in 

[13]. Kemp et al. report a super-linear red-shift of the emission wavelength with 

pump power and attribute this to an increased heat load introduction with decreasing 

device efficiency. The detected blue-shift for the present QD structure is not fully 

understood yet but might be explained by the onset of thermally-induced permanent 

damage. This damage was attributed to a high carbon density within the aluminium 

containing DBR structure and is believed to have caused excessive heating due to a 

higher absorption coefficient. This might have supported the generation of defects in 

larger dots, causing increased non-radiative recombination, which would lead to a 

blue-shift of the emission wavelength. Dai et al. [8] show in a photoluminescence 

study of InAs/GaAs QD layers with temperature and nominal layer thickness, that PL 
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quenching is dominated by non-radiative recombination processes at interface 

defects of large QDs.  

 
Fig. 3-11 a) Measured laser output power decay for different incident pump 

intensities. Dashed lines are mono exponential fits to the data points. b) Measured 

laser output power (red circles) and photoluminescence (green diamonds) decay for 

comparison on the same time scale. c) Simulated decay behaviour for the gain decay 

(blue) and increased cavity losses (red). The calculated parameters for QW gain and 

cavity transmission losses were multiplied by the mono exponential decay function 

indicated by the green line. 

 

For a further study of these effects, decay measurements were first carried out on the 

working laser, setup 1 depicted in Fig. 3-8, where the laser output power against time 

was recorded (Fig. 3-11 a)) for different pump powers. Laser emission ceased within 

a few minutes dependent on the incident pump intensity. The setup was then changed 

according to Fig. 3-8 setup 2, where the sample was pumped with a maximum 

available pump power of 7.1 W and surface PL decay was detected by an optical 

spectrum analyser (OSA) and a power meter. The decaying PL signal was measured 

over the time range of 6 hours. The normalised decay is illustrated in Fig. 3-11 b) for 

photoluminescence decay (green) and laser decay (red) for comparison, set to the 

same time scale. The decay behaviour can be described by a mono exponential 

dependence. 
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The already mentioned model by Kuznetsov et al. [14] (see also Section 2.3.4), was 

altered to model qualitatively the output power with time for a mono-exponentially 

increasing cavity loss or decreasing material gain coefficient. The results of this 

calculation can be seen in Fig. 3-11 c), where the blue and red line represent output 

power time dependence for decaying gain or increasing loss coefficient respectively. 

The shape of the simulation functions is compared with the detected decay 

behaviour. The similarity between the measured exponential power decay and the 

simulated exponential increase of the cavity losses is a good indication that the issue 

with the declining output power was rather linked to the losses than to the QD gain. 

The lifetime of AlGaAs DBRs has previously been shown to depend significantly on 

growth conditions and it is suggested here that this might be a factor. This 

assumption could be confirmed by the growers: where the alternative precursor 

tertiarybutylarsine (TBA, or C4H9AsH2) was used as a substitute for the commonly 

used highly hazardous arsine (AsH3) for both the AlGaAs/GaAlAs DBR and the gain 

region including the SML QDs (see Sellin et al. [15] for further information on the 

QD growth with alternative precursors). The new precursor caused a high carbon 

background p-type doping of all AlGaAs layers, affecting especially the DBR region 

[16]. Carbon increases the absorption coefficient and causes excessive heat 

introduction into the DBR layers, leading to fast structural deterioration. It was 

suggested to replace the alternative As-precursor with arsine for the DBR only, as 

was done in the case of S-K QD structures (design B in Germann et al. [16]). 

Background doping was reduced by more than an order of magnitude from 

p = 5·10
17

 cm
-3

 to 2·10
16

 cm
-3

 here and deterioration was not detected in subsequent 

work.  

 

3.4 Conclusion and overview of recent progress in InAs/GaAs QD 

VECSELs 

 

Opto-electronic devices based on In(Ga)As QDs are widely studied and were chosen 

for the initial demonstrations of a QD-based VECSELs, both in the S-K and the SML 



Chapter 3: InAs/GaAs submonolayer quantum based VECSELs dot based VECSEL 
 

101 | P a g e  

growth mode. Especially the successful implementation of QDs in a vertical-cavity 

surface emitting laser (VCSEL) was a driving motivation behind this project. In this 

chapter a 1030 nm SML QD structure was discussed in terms of initial 

photoluminescence characterization and laser properties. Output powers as high as 

500 mW were demonstrated with a slope efficiency of 17 % and a pump threshold of 

1.3 W. Higher output powers of samples from the same wafer have been achieved by 

Germann et al. [1] for a larger pump spot size, thus higher pump powers. A rapid 

decay of the laser emission and photoluminescence was found, leading to permanent 

destruction of the samples during the pumping process. The experimental results 

were quantitatively compared to a simulation based on the gain calculation of 

Kuznetsov et al. [14]; extended by a mono-exponential time dependent term for the 

gain or the internal loss coefficient. The finding suggested a thermally-induced 

increase in internal loss and was allocated to the DBR rather than the active region. 

This was supported by the high carbon background doping (p=5·10
17

 cm
-3

) of the 

AlxGa1-xAs DBR layers caused by the used alternative TBA precursor for the mirror 

fabrication. The increased carbon doping level caused a higher absorption coefficient 

and higher heat introduction, reducing the lifetime [16]. More recent samples grown 

and studied only after this project showed improvement due to a thinner spacer layer 

thickness, which allowed the implementation of a higher number of QDs into the 

subcavity, increasing the modal gain drastically and leading to multi-watt output 

powers in a range between 1000-1300 nm. Studies on waveguides incorporating 

quantum dot gain layers with different optical confinement and modal gain by Klopf 

et al. [17] have revealed that the highest thermal stability is achieved by devices with 

lowest modal gain. The redshift of the bandgap with increasing temperature is most 

effectively compensated a by the blue-shift of the emission wavelength with higher 

pump intensities in this case as a consequence of the broad gain profile. The 

discussion by Giet et al. [9] concerning the thermal dependence of the surface PL on 

the gain bandwidth of QW VECSELs leads to a similar conclusion. According to this 

it is believed that the use of anti-resonant subcavity designs could further lead to a 

higher thermal stability and even broader wavelength tunability. 
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Following the early work dicussed in this chapter, VECSELs based on both SML 

QDS and S-K QDs have been developed and reported. In both cases multi-Watt 

output powers around 1040 nm [5,18] for SML and for S-K QDs at 1180 nm  [19] 

and 1250 nm [20] have been achieved so far. A mode-locked device with 27 mW 

pulse power, a pulse width of 18 ps and with a repetition rate of 2.57 GHz utilizing a 

SML QDs for gain and a QW semiconductor saturable absorber mirror (SESAM) 

structure for passive mode-locking was demonstrated by Hoffmann et al. for an 

emission around 1060 nm [21]. Several gain chips incorporating 35 to 39 SML QDs 

(9 cycled InAs/GaAs (0.2ML/0.2ML)) were used to demonstrate second harmonic 

generation of 514, 590 and 624 nm visible light in the green, red and yellow. In the 

case of yellow SHG, a multi-gain cavity arrangement with two VECSEL gain chips, 

having a fundamental emission around 6 W at 1180 nm, was used for the generation 

of 2.5 W continuous wave output at 590 nm. The multi-gain setup was required due 

to the very low gain and high sensitivity of the QDs towards losses introduced by the 

nonlinear conversion [22]. Improvements have been made especially on the 

minimization of the spacer thicknesses between two adjacent QD-layers. In all 

reported cases the gain layers were placed at the electric field antinodes for resonant 

periodic gain. For a maximal modal gain, multiple QD-layers were placed at these 

antinodes, where the total number of implemented QD-layers is dependent on the 

spacer thickness between neighbouring dot layers, as the subcavity dimensions are 

restricted by the absorption length of the pump light. The first journal publications in 

2008 used 45 nm thick spacers (S-K) in order to avoid strain induced coupling 

between the QD-layers, which would lead to a gradual increase in QD-sizes of the 

successively grown QD-layers within a group and the device was restricted to 21 

gain layers. In recent work, however, the separator thickness could be reduced to 

6-10 nm allowing the implementation of up to 39 QD-layers and output power up to 

4 W from a single device at 1180 nm was reported. Similar achievements have been 

made for SML QD devices [16,18].  
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Year & 

Citation 

# of QD-

sheets 

QD 

type 

QD  

compound 

Heat 

removal 

Laser 

nm 

Power 

P / W 

Slope eff. 

 / % 

2005 

[5] 
17 S-K InAs QD in 

In0.25Ga0.75As QW 
Thin. 

1270 / 

~1300
(f) 

0.120 / 

0.005
(f)

  

5/ 

N/A 

2008 

This work 
13 SML InAs / GaAs 

(0.5ML/2.3 ML) 
D 1040 0.5 17 

2008 

[16] 
13 SML InAs/GaAs 

(0.5ML/2.3 ML) 
D 1040 1.4 12.4 

2008 

[16](a) 
13 S-K In0.65Ga0.35As  

(2.7 ML) 
D 1040

(a)
 0.3

(a) 
6 

2008 

[16] 
10 SML InAs/GaAs 

(0.25ML/2.3 ML) 
D 950 0.5 4 

2008  

[16] 
21 S-K In0.65Ga0.35As  

(2.7 ML) 
D 1210 0.3 2 

2009  

[18] 
35 SML 9 x InAs/GaAs 

(0.2ML/0.2ML) 
D 1030 4.35 22 

2009 

[25] (b) 
35 SML 9 x InAs/GaAs  

(0.2 ML/0.2ML) 
Non 1060 0.0274

* 
N/A 

2009 

[26] (b) 
35 SML 9 x InAs/GaAs 

(0.25 ML/0.33ML) 
Non 1053 0.022

*
 N/A 

2010 

[20] 
12 S-K InAs QD in 

In0.15Ga0.85As QW 
Inv. 1250 3.25 11 

2010 

[19,22] 

(c)/(d) 

39 SML 9 x InAs/GaAs  

(0.2 ML/0.2ML) 
D 

1180
(c)

/ 

590
(d) 

6
(c)(e)

/ 

2.5
(d) 

14
(e) 

 

2011 

[27,28] 
35 SML 9 x InAs/GaAs  

(0.2 ML/0.2ML) 
D 

1040/ 

514
(d)

 

6/ 

2
(d)

 

29 

 

2011 

[27,29] 
39 SML 9 x InAs/GaAs  

(0.2 ML/0.2ML) 
D 

1260/ 

624
(d)

 

1.6/ 

0.33 

7 

 

Table 3-2 Summary of reported InGaAs quantum dot based semiconductor disk 

laser devices for emission in the range between 900 nm and 1.3 m. S-K and SML 

stand for QDs grown in the Stranski-Krastanow and Sub-monolayer regime. D, 

Non, Thin. and Inv. depict thermal management via liquid capillary bonded intra-

cavity diamond heatspreader (D), no measures taken (Non), thinned substrate 

(Thin.) and inverted growth with removed substrate (Inv.) respectively. (a) excited 

state emission, (b) mode-locked; *pulse power, (c) ground state emission, (d) used 

for SHG, (e) dual gain chip and (f) VCSEL pumped.   
 

The publication by Albrecht et al. [20] seems to contradict the trend for more QD 

layers as this group used only 12 layers of InAs QDs and placed only one single QD-

layer at each antinode. They were able to demonstrate 3.25 W of fundamental 

emission at 1.25 μm, which is comparable to InGaNAs/GaAs QW VECSELs [23] 

and offers a good alternative to the incorporation of dilute Nitride. These quantum 

dots were imbedded in 7 nm In0.15Ga0.85As quantum wells and utilized the 
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dot-in-a-well scheme for improved carrier trapping. This, together with the improved 

enhancement due to the excellent alignment of each QD-layer with the RPG and a 

stronger subcavity field due to the missing intra-cavity heatspreader might explain 

the good performance. It also shows that QDs can be used to overcome the strain 

induced limitations of QWs for emission above 1180 nm up to 1370 nm. A summary 

of these achievements in chronological order can be found in Table 3-2. Except for 

the publication of InP QDs emitting in the visible red around 730 nm (Chapter 4), all 

results are made for In(Ga)As QDs. Rapid progress has been made in the 

development of QD based VECSEL devices. The first structures as reported here 

were all designed to be resonant at the emission wavelength [16]. This had the 

advantage of a low pump threshold, important for a first laser demonstration. 

However, with the very large and flat spectral bandwidth of QDs (see Fig. 3-2), an 

anti-resonant design could allow very broad wavelength tuning, exceeding that of 

QWs [24]. This result suggests that VECSEL devices with an anti-resonant subcavity 

would experience an optimised thermal stability.     

VECSEL devices based on In(Ga)As QDs have a few disadvantages in comparison 

to their QW counterparts. Their current wavelength coverage (0.95-1.3 μm) 

corresponds in a wide range with that of InGaAs QWs (0.92-1.18 μm). QW 

structures outperform QDs in spectral regions covered by both. Despite these facts 

the very fast improvement curve of the laser performance during the first three years 

of their existence are very promising. Commercial companies, providing the growth 

for several of the mentioned research groups in Table 3-2 demonstrate as well the 

economic potentials for QD based VECSELs.   
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Chapter 4: 

1 InP/GaInP/AlGaInP quantum dot based VECSELs 

InP/GaInP/AlGaInP quantum dot based VECSELs  

4 InP/GaInP/AlGaInP quantum dot based VECSELs 

This chapter describes the design and characterisation of the first InP QD VECSEL 

structures. Section 1 gives an introduction to this chapter and compares InP QDs 

with their more mature In(Ga)As counterparts, which were used for the 

demonstration of the first QD VECSELs discussed in Chapter 3. A summary of 

wafers grown for this project is given in Section 4.2. The structure design and growth 

parameters are discussed in Section 4.3. Laser performance, reflectivity, surface PL, 

edge PL, time resolved PL decay, but also surface morphology and structural 

examination in form of secondary electron microscopy, cathodoluminescence and 

transmission electron microscopy imaging are given in Section 4.4. A VECSEL 

structure, which was not able to achieve laser emission was also used as a 

semiconductor saturable absorper (SESAM) mirror inside a Ti:sapphire laser for 

passive mode locking [1], is briefly described in Section 4.5. 

This project is a collaboration with Cardiff University, and the EPSRC National 

Centre for III-V Technologies at the University of Sheffield. Research on edge 

emitting laser devices based on InP QDs was undertaken by the collaborating groups 

prior to the current project. These two groups reported a record low room 

temperature threshold density of 190 A/cm
2
 [2] for electrically-injected laser diodes 

emitting around 740 nm, utilising InP/Ga0.51In0.49P dots-in-a-well, further referred to 

as QDs. The dot-in-a-well scheme combines the good carrier trapping efficiency of 

QWs with the high emission efficiency of QDs and is commonly used to increase the 

gain of QD structures at elevated temperatures [3,4]. Their expertise on the InP QD 

fabrication and research was combined in this project with our experience on QW 

based VECSEL structures in general and on GayIn1-yP/(AlxGa1-x)0.51In0.49P QW 

VECSELs in particular [5-7]. The motivation was to extend the emission wavelength 
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of the VECSELs based on AlGaInP towards 800 nm in order to fill the existing gap 

in wavelength coverage, present for this laser type between GaInP and GaAs QWs. 

Human tissue has a low absorption and low autofluorescence in this spectral range, 

called the medical absorption window. Light in this spectral window is suitable for 

example in medical applications such as photodynamic therapy, sensing and 

biophotonics [8].  

 

4.1 AlGaInP material composition 

 

4.1.1 Spectral coverage of GayIn1-yP QWs  

 

 
Fig. 4-1 Bandgap energy diagram of a GayIn1-yP QW imbedded into 

(AlxGa1-x)0.51In0.49P barriers with yGa = 0.51 and xAl = 0.6, lattice matched to GaAs 

substrate. The offset between QW and barrier conduction and valence band energy 

is 2/3 and 1/3 respectively. Zero energy position is chosen to be the valence band 

edge of the QW.     
 

Some of the important optical and mechanical properties of the (AlxGa1-x)0.51In0.49P 

material, lattice-matched to a GaAs substrate, such as refractive index and energy 

bandgap were already presented in Chapter 2. The bandgap energy range covered by 
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this compound spans from 1.90 eV (653 nm) to 2.3 eV (540 nm) for            , 

above which the transition becomes indirect [9] (see Fig. 2-2). The dependence of the 

transition energy on QW thickness and Gallium mole fraction,    , (which also 

introduces strain for         ) was presented in (Fig 2-11). The energy bandgap 

offset of the conduction and valence band ground state of a nearly lattice-matched 

GayIn1-yP QW with respect to an (AlxGa1-x)0.51In0.49P matrix is 2/3 to 1/3 respectively 

[10]. Fig. 4-1 represents this bandgap dependence for clarification, where a 

Ga0.51In0.49P QW is buried within (Al0.6Ga0.4)0.51In0.49P barriers. Introduction of 

slightly compressively strained GayIn1-yP QW together with thickness variation 

enables wavelength coverage from 640-690 nm in VECSEL structures. While tensile 

strain would extend the emission towards shorter wavelengths, it is not used for 

vertically-emitting devices due to the predominantly TM polarised nature of the 

emitted light. The upper wavelength limit is set by the maximum allowed lattice 

mismatch between QWs and the matrix, above which cracks result in deterioration of 

the structure (see Section 2.4.2). A possible way to overcome the strain related 

limitations and extend the emission wavelength of (AlxGa1-x)0.51In0.49P based 

VECSELS is the use of InP QDs as gain medium.  

 

4.1.2 InP quantum dots 

 

The implementation of Stranski-Krastanow type InP QDs grown on an 

(AlxGa1-x)0.51In0.49P matrix, with a nominal QD-layer thickness in a range of 

2 - 15 ML allows the fabrication of devices emitting from 640-680 nm (covered by 

the matrix material)[11,12] to 760 nm (covered by a GayIn1-yP QW)[2,13], see Fig. 

4-6 top right, for an illustration of a dot in a well layer. The emission wavelength and 

other properties, such as size and emission efficiency depend on the growth matrix 

composition xAl, the capping layer composition yGa, the nominal layer 

thickness/growth time, III-V ratio, growth temperature, substrate surface orientation 

and other parameters, some of which are shown in Table 4-1 by trend. The emission  
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QD growth variable Variation Effect Ref 

Growth time on 

growth matrix 

(AlxGa1-x)0.51In0.49P  

Increase from 

7.5-22.5 ML @ 

650 ⁰C for xAl = 0 

& 0.6 

Dot density decrease, 

Dot height increase, 

Emission wavelength blue-shift, 

 
[11] 
 

Growth temperature 

Tgrowth  

Increase from 

650-710 ⁰C 

Decrease in dot density, 

Increase in dot height.  

Emission wavelength blue-shift,  

PL peak narrowing 

 
[14] 
 
 

Growth matrix and 

capping layer 

composition 

(AlxGa1-x)0.51In0.49P  

Increasing xAl mole 

fraction from 0 to 1 

Highest dot density at xAl = 0.15, 

Dot density decreasing until xAl = 0.5,  

Dot density increasing until xAl = 1.0,  

Strongest PL signal intensity xAl = 0.2, 

Emission wavelength blue-shift, 

PL peak emission wavelength follows 

the trend of the growth matrix energy 

bandgap with xAl composition 

[14] 

Capping GayIn1-yP QW 

composition for a fixed 

growth matrix 

(Al0.3Ga0.7)0.51In0.49P 

Increasing yGa mole 

fraction 

Emission wavelength blue-shift, 

Increased emission intensity due to strain 

balancing by tensile strained QWs.  
[15] 

Table 4-1 Overview of different growth parameters and the impact on InP QD 

properties.   
 

 
Fig. 4-2 Dot density, height and peak PL emission wavelength in dependence on the 

Aluminium mole fraction xAl of the growth matrix/barrier composition 

(AlxGa1-x)0.51In0.49P. The rightmost picture illustrates the shape and emission 

wavelength behaviour of 2.1 ML thick InP QDs with growth temperature [14].  
 

wavelength tends to increase with decreasing     mole fraction and decreasing  

deposition time, as described in [11]. An increase of the growth temperature causes a 

blue shift and peak narrowing as can be seen in the rightmost graph of Fig. 4-2, taken 

from Schulz et al. [14]. This group also showed that the dot ensemble emission 

wavelength follows closely the trend of the matrix bandgap with Aluminium 

composition     (Fig. 4-2 middle). This was caused by Al and Ga incorporation from 
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the matrix into InP QDs at the elevated temperatures around 710 ⁰C. The highest dot 

density with a maximum PL emission intensity was found to occur around a matrix 

composition of         (see Fig. 4-2 left). The same publication also shows a 

decrease in dot density for an increase in growth temperature from 650 ⁰C to 710 ⁰C 

for InP QDs with a nominal layer thickness of 2.1 ML (the standard size of InP 

QDs), grown on the same optimum matrix composition of        . In case of the 

2.1 ML thick InP QDs in the present work, which were grown on top of an 

(Al0.3Ga0.7)0.51In0.49P matrix and capped by an 8 nm thick GayIn1-yP QW a change in 

emission wavelength with Ga mole fraction     was detected from PL measurements 

of different calibration growth structures, as can be seen in Fig. 4-3. With increasing 

    increases the misfit strain, resulting in a tensile strained QW, which partly 

compensates for the compressive strain of the QDs. This causes a decrease in peak 

PL emission wavelength from 740 nm for a lattice-matched QW composition of 

         towards 700 nm for a tensile strained case         . The PL intensity  

 

 
Fig. 4-3 Photoluminescence peak centre emission of the InP/GaxIn1-xP QD ensemble 

in dependence on the Ga mole fraction, which corresponds to the QWs misfit strain.  
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is thought to increase in this case, indicating an improved QD quality (oral 

communication by Dr. Andrey Krysa, grower at the EPSRC National Centre for 

III-V Technologies at the University of Sheffield). More details on the growth 

conditions of these calibration growth samples can be found in the following Section 

4.2.  

From this discussion it is possible to conclude, that both the matrix and QW 

composition have an effect on the emission wavelength and efficiency of the InP 

QDs. The increasing     tends to improve the emission efficiency of the QDs on the 

one hand. The caused emission wavelength blue-shift towards 700 nm, a wavelength 

very close to the strain related limit of GayIn1-yP QWs, poses a problem on the other 

hand with regard to the target of the current project: The extension of the wavelength 

coverage range of (AlxGa1-x)0.51In0.49P based VECSEL structures towards 800 nm, 

thus one might have to compromise. With respect to the maximum carrier 

confinement in the QD, thus highest thermal stability, a matrix composition of 

       , close to the cross-over point of the direct to indirect transition (see Section 

2.2) would be desirable, but with regard to the decreased dot density, this is not an 

option at the current stage. The lower     (increased Ga) content of the matrix 

composition, which also serves as the pump absorbing barrier, is important from a 

structure design perspective as it results in an increased absorption coefficient at the 

pump wavelength. This restricts the subcavity dimensions, reducing the number of 

field antinodes and thus the number of gain layers, affecting the maximum 

achievable modal gain. The number of dot layers that can be incorporated in the gain 

region is also dependent on the required minimum distance between QD-layers 

within a group (see Section 4.3). Strain-induced structural coupling originating from 

already buried dots affects the formation of subsequent QD-layers [16] and can cause 

formation of non-coherently strained QDs (see Qiu et al. [17], Fig 3c). The 

separation layer allows the successive growth of non-correlated QDs. Its thickness 

defines the maximum number of QD-layers that can be accommodated at on single 

field antinode. The InP dot density is also influenced by the dot size and growth 

parameters.  
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4.1.3 Comparison with InAs QD based VECSELs 

 

The estimated dot density of InP QDs is in the range of 10
9
-10

10
 cm

-2
 [14,18,19], 

which is more than an order magnitude lower than for S-K type InAs dots, having 

densities in the range 10
11

 cm
-2

 [20]. It defines the areal coverage within the growth 

plane and thus the achievable modal gain. Advances in the fabrication of InAs QD 

layers allowed the growth of successive dot layers with very thin spacers (< 10 nm, 

[21]), leading to improved laser performance due to the ability to incorporate an 

increasing number of InAs QD-layers and was discussed in Section 3.4. This hasn't 

been achieved for InP QD structures so far. A further advantage of InAs QDs 

imbedded in GaAs with respect to the current material composition is the lower 

absorption coefficient at the standard pump wavelength (808 nm for InAs/GaAs vs. 

532 nm for InP/AlGaInP QD structures), allowing a longer subcavity with the 

accessibility of more field antinodes. This enables the implementation of more 

QD-layers. Furthermore, AlxGa1-xAs/AlyGa1-yAs DBRs can be fabricated to be 

non-absorptive for both the pump and the emission wavelength in the wavelength 

regions covered by InAs QD devices, improving thermal management. AlGaAs can 

also be applied as a transparent window/confinement layer, keeping photo generated 

carriers from recombination at the surface. All these arguments illustrate the better 

material properties of InAs/GaAs structures and indicate more flexibility in design 

parameters.  

One advantage of InP QDs is a bimodal size distribution of two distinct dot sizes, as 

reported in [18,22,23], having the potential of a very broad gain bandwidth and thus 

temperature stable wavelength emission. In contrast to InAs based QD VECSELs, 

there is currently no competing QW-based VECSEL in the spectral range above 

700 nm. In the case of InAs QDs the wavelength range beyond 1180 nm (upper limit 

of InGaAs QWs) can be accessed by other QW based material systems (e.g. 

GaInNAs QWs or wafer-fused devices based on InAlGaAs QWs) with comparable 

or better performance. Laser devices reported here perform in a wavelength range 

from 716-755nm with a circularly-symmetric TEM00 output beam. They are widely 

tunable in a range of 26 nm and output powers in the tens of mW so far.  
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4.2 Summary of grown structures 

 

Wafer 
No. of 

Dwells 

λQD 

(nm) 

Laser 

action 

TQD 

(⁰C) 

tQD 

(s) 

QW 

yGa 

thQW  

(nm) 

B1/B2/C 

xAL 
Remarks 

MR2482 8 x3 755 No 700 0.9 0.51 8 0.3/0.6/0.6 
Used as SESAM in 

Ti:sapphire laser 

MR2483 8 x 3 755 No 700 1.1 0.51 8 0.3/0.6/0.6 + QD-layer thickness 

MR2484 7 x 3 755 No 700 0.9 0.51 8 0.3/no/no 
 

 

MR2598 7 x 3 740 N/A 710 0.9 0.51 8 0.3/no/0.6 
Calibration growth 
 

MR2603 7 x 3 740 No 710 0.7 0.51 8 0.3/no/no 
 

 

MR2604 7 x 3 740 No 730 0.9 0.51 8 0.3/no/no 
 

 

MR2609 7 x 3 740 Yes 730 0.9 0.51 8 0.3/no/0.6 
No stable emission 
 

MR2615 7 x 3 740 Yes 710 0.9 0.51 8 0.3/no/0.6 Stable emission 

MR2617 7 x 3 740 Yes 710 0.9 0.51 8 0.3/no/no 
No stable emission 
 

MR2959 7 x 3 735 N/A 710 1.1 0.54 8 0.3/no/0.6 
Calibration growth 

 

MR2961 7 x 3 730 No 710 1.1 0.54 8 0.3/no/0.6 
 
 

MR2962 7 x 3 730 No 710 1.1 0.54 8 0.3/no/0.6 
Corrected DBR 

position 

MR2963 7 x 3 730 No 710 1.1 0.54 8 0.3/no/0.6 
- B1 and C layer 

thickness 

MR2964 7 x 3 730 No 710 1.1 0.54 8 0.3/no/0.6 
+ B1 and C layer 
thickness 

MR2965 7 x 4 730 No 710 1.1 0.54 8 0.3/no/0.6 
 

 

Table 4-2 Summary of grown VECSEL structures, with full structure detail given 

Appendix A.1. No. of Dwells and λQD stand for the incorporated QD-layer 

(dot-in-a-well) number and designed QD ensemble peak emission. TQD, tQD and 

thQW are the growth temperature of the QD layers, the QD growth time and the QW 

thickness. yGa the Gallium mole fraction of the QW (GayIn1-yP), xAl the Aluminium 

mole fraction in barrier 1 (B1), barrier 2 (B2) and the confinement (C) layer. The 

symbols + and – indicated increased or decreased layer thickness of the barrier & 

confinement layers.  

 

Table 4-2 gives a summary of all wafers grown during the course of this project. 

Three growth sessions were undertaken, marked by MR248X, MR26XX and 

MR29XX. The structure designs to all the listed wafers in the table are included in 

the Appendix A.1. Wafers MR2598 and MR2959 are growth calibration structures. 

They consist of the complete active region but without the DBR. This enables the 

characterisation of the dot ensemble PL emission without modification by the 

subcavity. Wafer maps of the dot ensemble surface-PL for both wafers are presented 

in the Appendix A.2 and A.3. They show no considerable change of the PL peak 

position across large parts of the wafer. Differences in PL intensity are thought to be 

caused by a changing dot density across the wafer. Wafer mapping is a standard 
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procedure at the end of the fabrication process and used for a pre-examination, 

including surface PL (and reflectivity for complete VECSEL structures) 

measurement of the whole wafer. They are delivered together with the structures. 

Fig. 4-4 is the structure design of the most complicated structure MR2482 and is 

used here to illustrate the different barrier and carrier confinement layers B1, B2 and 

C, with their composition and position within the subcavity.  

 
Fig. 4-4 Illustration of the most complicated structure design (MR2482) with the 

different barrier types (B1 & B2), the position of the carrier confinement layers 

confinement (C). The anti-oxidation capping layer at the top and parts of the DBR 

are also shown.   
 

 

4.2.1 First growth campaign 

 

The attempt during the first growth run was to implement as many QD layers into the 

active region as possible to maximise the modal gain. This was achieved by the use 

of two different barriers compositions B1 and B2 in wafers MR2482 and MR2483: 

 B1 was (Al0.3Ga0.7)0.51In0.49P and used as spacer layers between QDs within a 

group and as growth matrix for the QDs.  

 These layers were sandwiched by (Al0.6Ga0.4)0.51In0.49P being the composition 

of B2, which had lower absorption coefficient and helped to extend the active 

region thickness in order to incorporate a further antinode and thus 3 more 

QD-layers.  
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Growth conditions, such as growth time, growth temperature, composition and 

effective layer thicknesses for the QD-layer, capping QW, barrier (B1 & B2) and 

confinement (C) layers, were initially chosen based on previous experience with 

edge emitting devices by the collaborating groups [2,19,23-26]. Structures with two 

different barriers (B1 and B2), didn’t permit liquid capillary bonding of a diamond 

heatspreader onto the sample surface, thus preventing laser tests. The best bonding 

behaviour of the first growth campaign was achieved with samples from wafer 

MR2484, the wafer with the simplest structure design, having only one single barrier 

type (B1) and no confinement layers. Although no laser action was achieved with 

any of these three wafers, the better bonding behaviour of wafer MR2484 led to the 

decision to use single barrier designs for the next growth campaign.  

 

4.2.2 Second growth campaign 

 

The second growth campaign included five wafers, three of which had the same 

basic design as MR2484 (MR2603, MR2604, MR2617) only the design wavelength 

was changed to 740 nm to match the QD ensemble PL peak position of the 

calibration growth MR2598. Wafers MR2609 and MR2615 included a confinement 

layer at either end of the active region. A thorough design description for wafer 

MR2615 is given in the following Section 4.3 (see also Fig. 4-6). A map of this 

wafer, including surface PL and reflectivity spectra at different positions across the 

wafer can also be found in Appendix A.4. The growth related layer thickness 

variations, visible in these spectra are caused by changes in the centre wavelength of 

the DBR reflectivity stopband and also of the designed resonances (subcavity and 

RPG). The position of the surface PL peak is an indication for the location of the 

subcavity resonance and can also be seen in the reflectivity spectrum, in form of the 

dip around the centre of the stopband. For this grown VECSEL structure the 

resonance is well matched with the mirror centre wavelength. The bonding ability of 

samples from all five wafers was comparable or better with respect to MR2484, but 

still considerably poorer than similar QW structures. Detaching of the diamond 
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heatspreader from the surface started usually immediately after bonding, limiting the 

bond time to maximum few hours. Despite the very limited time for laser tests, 

determined by the bonding duration, laser action was achieved. Samples from wafer 

MR2615 showed stable laser action. Unstable and short laser flashes where laser 

operation was achieved only for seconds, was demonstrated using samples from 

wafers MR2609 and MR2617. The laser results discussed in the following are all 

from cleaved (4 x 4 mm
2
) samples of wafer MR2615. After these positive laser 

results a third growth campaign was undertaken in an attempt to improve the 

structure according to the findings discussed in the course of this chapter. 

 

4.2.3 Third growth campaign 

 

Wafers from the third growth campaign used the same basic laser design of wafer 

MR2615 with a variation in QD number per anti-node and a design wavelength 

around 730 nm. The intention behind the inclusion of three or four QDs per field 

antinode was to determine the effect of increased modal gain on the laser properties. 

The composition of the GayIn1-yP QW (capping the InP QDs) was changed to a mole 

fraction of          as improved emission efficiency of the dots was expected 

(see also discussion above in Section 4.1.2). None of the tested structures from the 

third growth campaign allowed bonding of the diamond heatspreader and therefore 

no laser action was achieved with any of these samples. Microscopic imaging 

revealed a very rough surface morphology, covered with pyramidal features as can 

be seen in Fig. 4-5. A more thorough discussion on this matter is presented in Section 

4.4.5. These features were present for all samples in every growth campaign. Despite 

all attempts to improve the QD growth and to match the QD ensemble peak emission 

better to the subcavity resonances during the last growth session, the surface 

roughness could not be improved. On the contrary it proved to be worse and it is 

believed that the nominal QD layer thickness was underestimated, which lead to the 

increased roughness. All this will be discussed in more detail below in the course of 

the characterisation of samples from wafer MR2615.  
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Fig. 4-5 Microscopic image showing the surface with a rough morphology for one 

sample from growth campaign three, preventing bonding of a diamond heatspreader 

to the surface for laser tests. The field of view diameter size is about Ø = 140 m. 

Courtesy: Dr. Andrey Krysa, EPSRC National Centre for III-V Technologies at the 

University of Sheffield. 
 

 

4.3 Design and growth 

 

The InP QD based VECSEL structure (MR2615) was designed for emission around 

740 nm; see Fig. 4-6 and Table 4-3 for a detailed description of the structure’s 

design. Therefore the reflectivity stopband of the DBR, consisting of 40.5 repeats of 

  ⁄ -wavelength thick AlAs/Al0.35Ga0.65As layer pairs with refractive indices of 

           and             , was designed to be centred at 740 nm. The Al 

content of           in the ternary DBR composition (as opposed to GaAs for  

maximum refractive index contrast) was used to prevent absorption of the signal 

field at the design wavelength. The description of the basic parameters of a DBR 
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Fig. 4-6 Design of the InP QD VECSEL structure showing the refractive index 

pattern (black) and the signal field intensity of the generated signal at 740 nm (red 

dashed line). Each of the 7 field antinodes incorporate 3 InP/Ga0.51In0.49P 

dot-in-a-well layers positioned for resonant periodic gain. A schematic of a QD 

group including the material compositions (grey hatched region) is depicted on the 

top right hand side. The inset at the bottom right hand side of the figure shows an 

AFM picture of the uncovered InP QDs [19]. 

 

structure was introduced in Section 2.2.2. The calculated total reflectivity stopband 

width was about 60 nm with a reflectivity of close to 99.99 % at the centre. With 

consideration to an expected lower modal gain of a QD-layer compared to a QW, the 

design focused on the optimisation of the available gain, including a low threshold 

power. Therefore, a resonant design, using the concept of RPG and a maximum 

amount of QD-layers (restricted by the total absorption length of the barriers at the 

pump wavelength) was chosen. No offset between room temperature 

photoluminescence and subcavity resonances, as described in Section 2.2.3.3, was 

used as a broad gain bandwidth of the QD ensemble was assumed. This was thought 

to cause a ‘temperature stable’ performance, similar to the reported results in ref. 

[27]; for InAs QD VECSELs at 1210 nm. The total length of the active region was 

slightly less than 900 nm, which corresponded to an estimated absorption of 98 % of 

the incident pump field at the pump wavelength of 532 nm (see Fig 2-5 in Section 

2.2.3.1). This high percentage of absorption was required for efficient pumping and 

in order to avoid excessive heat introduction into the DBR region. The 3.5-λ thick 

active region was sandwiched by (Al0.6Ga0.4)0.51In0.49P layers for charge carrier 

confinement. A 10 nm thick Ga0.51In0.49P capping layer concluded the structure, 
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preventing the underlying Al containing layers from oxidation. The active region 

consisted mainly of (Al0.3Ga0.7)0.51In0.49P, which served three purposes:  

 as pump absorbing barriers between the QD groups at the field antinodes,  

 as matrix for the InP/Ga0.51In0.49P QD growth, 

 as separator between the QD-layers within in a group.  

The Ga0.51In0.49P QW, covering a QD-layer had a thickness of 8 nm, which was 

sufficient to cap the InP QD-layers (nominal thickness of 2.1 ML (6.2 Å)) and 

smoothen the interface after the three dimensional island growth. The optimum 

separator layer thickness was determined by Krysa et al. [19] to be 16 nm for the 

present QDs, restricting the number of gain layers at a field antinode to 3, maximum 

4.  

Description 
Layer 

no. 
Material composition 

Mole fraction 

xAl yGa 
 

Layer Thickness  

(nm) 
Cap 20 (AlxGa1-x)0.51In0.49P 0  10 

Confinement 19 (AlxGa1-x)0.51In0.49P 0.6  58 

Barrier 18 (AlxGa1-x)0.51In0.49P 0.3  16 

Dot in a Well 17 x 6 6.2Å InP + GayIn1-yP QW  0.51 8 

Barrier 16 x 6 (AlxGa1-x)0.51In0.49P 0.3  16 

Dot in a Well 15 x 6 6.2Å InP + GayIn1-yP QW  0.51 8 

Barrier 14 x 6 (AlxGa1-x)0.51In0.49P 0.3  16 

Dot in a Well 13 x 6 6.2Å InP + GayIn1-yP QW  0.51 8 

Barrier 12 x 6 (AlxGa1-x)0.51In0.49P 0.3  53 

Dot in a Well 11 6.2Å InP + GayIn1-yP QW  0.51 8 

Barrier 10 (AlxGa1-x)0.51In0.49P 0.3  16 

Dot in a Well 9 6.2Å InP + GayIn1-yP QW  0.51 8 

Barrier 8 (AlxGa1-x)0.51In0.49P 0.3  16 

Dot in a Well 7 6.2Å InP + GayIn1-yP QW  0.51 8 

Barrier 6 (AlxGa1-x)0.51In0.49P 0.3  16 

Confinement 5 (AlxGa1-x)0.51In0.49P 0.6  64 

DBR 4 AlxGa1-xAs 0 60 

DBR 3 x 40 AlxGa1-xAs 0.35 51.5 

DBR 2 x 40 AlxGa1-xAs 0 60 

Buffer 1 GaAs - 500 

Substrate 0 n-GaAs - ~350000 

Table 4-3 Design of the VECSEL structure. The DBR consisted of 40.5 pairs 

AlAs/Al0.35Ga0.65As and 7 repeats of the 3 InP/Ga0.51In0.49P QDs within the active 

region. The (AlxGa1-x)0.51In0.49P layers are lattice matched to the GaAs substrate for 

a minimum strain build up in the structure. No attempt was undertaken for strain 

compensation. 

 

In total 21 QD-layers grouped in 3 per field antinode for resonant periodic gain were 

integrated within these VECSELs. The structure was grown on top of a GaAs wafer 

with a diameter size of 2 inch by Metal Organic Chemical Vapour Deposition 
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(MOCVD) in a MR350 low-pressure (150 Torr) horizontal flow reactor, having a 

non-rotating susceptor. The (100) GaAs substrate was miss-oriented by 10 ° towards 

the <111> crystallographic direction in order to avoid superlattice ordering (i.e. 

Gallium- and Indium-rich monolayers in some of the (111) planes [28]) as best laser 

performance is achieved by disordered structures. A variation in the resonances and 

centre wavelength of the reflectivity stopband across the wafer was caused by the 

non-rotating susceptor (see Section 2.4). The size of the QDs indicated by the 

ensemble peak PL position was thought to remain constant across the wafer, where 

only the dot density changed in dependence on the effective layer thickness (see 

Appendix A.2). The whole VECSEL structure was grown at         . This is in 

contrast to the optimum growth temperature of InP QDs, which is usually 

        ⁰  [18,29]. The elevated temperature was chosen in order to meet 

optimum growth conditions for the capping Ga0.51In0.49P QWs [19], enabling the 

formation of smooth interfaces and a higher structure quality. The growth rates of the 

different material compositions applied for the wafer fabrication are given in Table 

4-4.  

Layer description Growth rate Material composition 

Active region ~7.0 Å/s (AlxGa1-x)0.51In0.49P for xAl = 0, 0.3, 0.6 

Gain material ~7.0 Å/s InP/Ga0.51In0.49P QD 

DBR ~7.2 Å/s AlAs 

DBR ~10.2 Å/s Al0.35Ga0.65As 

Table 4-4 Growth rates for the different material compositions of the VECSEL 

structure. 

 

   

4.4 Sample characterisation 

 

In this section a discussion is given on laser performance and spectroscopic 

measurements of specific laser samples cleaved (4 x 4 mm
2
 pieces) from wafer 

MR2615. Laser performance measurements are done for four samples denoted as 

sample A, B, C and D. Spectroscopic characterisation is shown representative for one 

particular sample from this wafer, denoted as sample C. Analysis of the other three 

samples A, B and D (showing slightly different resonance behaviour caused by the 
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growth related layer thickness variation) are also presented for comparison of the 

laser performance with respect to sample C. Samples A and C together with a piece 

from the growth calibration wafer MR2598 were probed during time-resolved PL 

measurements, analysing the effect of the subcavity resonance on the photon 

lifetime. Further growth quality characterisation by means of simultaneous 

cathodoluminescence/secondary electron microscopy (CL/SEM) imaging was carried 

out by the use of samples from wafers MR2484, MR2598, MR2615 together with a 

similar GayIn1-yP/(Al0.6Ga0.4)0.51In0.49P VECSEL containing 20 QWs (described in 

Hastie et al. [6]) for comparison. A piece of wafer MR2598 was also prepared for 

transmission electron microscopy (TEM), showing the active region.  

 

4.4.1 Laser performance 

 

All laser tests were carried out in a three mirror V-shaped cavity with the VECSEL 

gain structure acting as a high reflective (HR) plane end-mirror, as shown in Fig. 4-7. 

A curved HR folding mirror (FM) with a radius of curvature of 100 mm and a plane 

HR or output coupling end mirror (EM) with transmission 0.2 % concluded the 

external cavity. The cavity dimensions, i.e. the distances between VECSEL-FM (L1) 

and FM-EM (L2), were around 55 mm and 270 mm respectively in order to match 

the intra-cavity mode size to the incident pump beam with a diameter 

of           . The samples were optically-pumped with powers up to 2.7 W at a 

wavelength of 532 nm, provided by a commercial frequency-doubled Nd:YVO4 laser 

under an angle of incidence of less than        . For thermal management of the 

sample under pumped conditions, a 500-μm-thick, low birefringent, single crystal 

CVD grown diamond heatspreader [30] was liquid capillary bonded [31] to the 

intra-cavity surface of the VECSEL gain structure and clamped into a brass mount, 

kept at 7 °C by a chiller unit with a circulating water/glycol solution. The initial laser 

characterisation was carried out in a high finesse cavity using HR mirrors only. 

Power transfer measurements of the free-running laser were taken for the four  
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Fig. 4-7 Experimental arrangement for the laser performance tests showing the three 

mirror V-shaped cavity with the brass mount in the middle, holding the InP QD 

VECSEL structure the folding mirror (FM) and plane output coupling end mirror 

(EM). The intra-cavity beam is represented by the dashed red line. The 532 nm 

pump beam, coming from the left is not visible, because of the used filter.  

 

samples A, B, C and D from wafer MR2615 and are shown in Fig. 4-8 left. The step 

in the curve of sample C, at ~0.5W incident pump power might be caused by mode 

hopping, due to the laser working in a higher transverse mode. These samples had 

laser emission wavelengths of 716, 729, 739 and 738 nm respectively, Fig. 4-8 right. 

The continuous laser emission spectra are about 4 nm in width and modulated by the 

etalon effect of the diamond heatspreader, producing characteristic multiple fringe 

spectra with a peak to peak separation of   0.2 nm. The power transfer curves of 

samples A, C and D have similar values for maximum output power, differential 

efficiency and onset of thermal rollover. Sample B shows a poorer performance than 

the rest, believed to be related to the very short-lived bond of the diamond 

heatspreader, which posed a general handicap for the laser characterization of these 

structures. The reasons for this were already mentioned in Section 4.2 and will be 

discussed in more detail in Section 4.4.5. Samples C and D behaved very similarly in 

terms of pump power threshold, point of rollover and laser emission wavelength. 
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Sample A showed the highest laser threshold power and lowest emission wavelength. 

The maximum output power was also lower compared to the samples C and D, but 

thermal rollover occurred at nearly the same pump power as for the other three 

samples around ~1.5 W. Taking the free-running laser emission spectra of all four 

samples into account it seems that the pump threshold power may be related to the 

emission wavelength, and will be explained in Section 4.4.2.   

 
Fig. 4-8 Left: Power transfer curves for samples A (black squares), B (red dots), C 

(blue upwards triangles) and E (green downwards triangles). Right: Free running 

laser emission spectra (same colour coding for the samples). 

 

A near diffraction limited beam propagation ratio          was measured as can be 

seen in Fig. 4-9, left; the inset shows the beam profile close to its waist. The high 

finesse cavity arrangement minimised the cavity round trip losses and enabled broad 

wavelength tuning via the insertion of a 1 mm thick, rotatable Quartz birefringent 

filter (BRF). It was placed in the long cavity arm at Brewster’s angle (           

with respect to the cavity axis). The tuning ranges of samples B, C and D are 

represented in Fig. 4-9, right side and also shown in the spectra of Fig. 4-15. Sample 

A didn’t permit the introduction of a BRF. Sample B had the narrowest tuning range 

of about 2.5 nm, followed by D and C with more than 17 and 25 nm respectively. A 

representative laser emission spectrum during the tuning experiments is shown in the 

inset of Fig. 4-9 on the right hand side. The emission peak has a resolution limited 

full width at half maximum              and was measured by a fibre 

coupled near-IR optical spectrum analyser (Hewlett Packard - Optical Spectrum 

Analyser 86142A with a maximum spectral resolution of 0.05 nm).  
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Fig. 4-9 Left: Measurement for the determination of the beam propagation factor. 

Inset: Beam profile close to the beam waist. Right: Tuning ranges of samples B (red 

dots), C (blue upward triangles) and D (green downward triangles). Inset: Laser 

emission spectrum during tuning for a 1 mm thick Quartz BRF inside the cavity.    

 

Replacing the HR end mirror by a plane output coupler with 0.22   0.2 % 

transmission, output powers of over 50 mW could be achieved as shown in Fig. 4-10. 

The power transfer behaviour of sample D for pump powers above 350 mW could 

not be explained so far. Table 4-5 presents a summary of the measured laser 

parameters, pump threshold, maximum output power and differential efficiency. The 

differential efficiency and the thermal rollover point were very similar in all cases 

with   5 % and   1.4 W respectively. The achievable output power therefore 

increased with decreasing pump threshold power or increasing laser emission 

wavelength.  

MR2615 

Samples 

       
 (nm) 

High finesse cavity 0.2 % output coupling 

  
         

(nm) 

     
(mW) 

     
(µW) 

       

(%) 

     
 (mW) 

     
 (mW) 

       

(%) 

A 716 - 500 430 0.06 632 29.0 4.65 

B 730 2.1 390 75 0.01 397 44.0 5.05 

C 739 25.3 185 539 0.05 232 50.3 5.70 

D 738 17.6 190 501 0.06 225 15.7 6.76 

Table 4-5 Summary of some measured laser performance parameters for the 

samples depicted in Fig. 4-8, Fig. 4-9 and Fig. 4-10.        - peak centre of the free 

running emission,      - pump threshold power,      - maximum output power, 

       - differential efficiency and          - total tuning range.  

 

It was not possible to insert the BRF for wavelength tuning when the output coupling 

mirror was installed. Furthermore higher output coupling values (> 0.2 %) were also 

not permitted, most likely due to the low modal gain of the QD layers.   
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Fig. 4-10 Power transfer measurement for 0.2 % output coupling. Sample A (black 

squares), B (led dots), C (blue upward triangles), D (green downward triangles) 

 

The implications of the overlap between the peak gain of the QD ensemble with the 

subcavity resonances are subject to the following Section, analysing the 

spectroscopic measurements.  

 

4.4.2 Spectroscopic measurements 

 

Reflectivity, surface and edge PL measurements for sample C were carried out over a 

temperature range of 20-80 °C. The description of the experimental arrangement was 

already given in Section 3.3 and is demonstrated in Appendix A.8. The only 

difference in this case was the use of a Silicon (Si) photodiode for signal detection in 

the visible wavelength range.  
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4.4.2.1 Reflectivity spectrum 

 

The corresponding reflectivity spectra together with the calculated room temperature 

reflectivity, using the structure design model described in Chapter 2 and given in 

Appendix A.5 in full detail can be seen on the left side of Fig. 4-11. The thermal 

dependence of the absorption dip and the DBR stopband are presented on the right 

side of the same figure. The reflectivity stopband is centred at 747 nm, slightly 

red-shifted to the designed centre wavelength of 740 nm, and has a measured width 

of more than 50 nm. The thermal shift of            ⁄  measured at the left edge of 

the reflectivity stopband (marked by a blue arrow) is caused by the optical thickness 

dependence (refractive indices and lattice constants) of the DBR’s AlxGa1-xAs layers 

with temperature. The dependence of the subcavity resonance feature on temperature 

(dip in the reflectivity stopband near the centre wavelength, indicated by the red 

arrow) is            ⁄ . This shift is also caused by the refractive index change of 

the (AlxGa1-x)0.51In0.49P multilayer stack with temperature. The measured dip near the 

reflectivity stopband centre is not very pronounced, which is a possible indication 

that the peak position of the underlying QD ensemble might not be matched correctly 

to the RPG wavelength.  

 
Fig. 4-11 Left: solid coloured lines depict measured reflectivity of sample C at 20, 

40, 60 and 80 °C. The dashed black line shows the calculated room temperature 

reflectivity of the design, centred at 745 nm. Right: Shift of the subcavity resonance 

feature (red) and left DBR reflectivity stopband edge (blue) with temperature. The 

positions are also indicated by the red and blue arrows on reflectivity spectrum. 
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4.4.2.2 Edge photoluminescence 

 

 
Fig. 4-12 MR2615 sample C. Left: Edge photoluminescence spectra on a 

logarithmic scale taken at 20, 40, 60 and 80 °C respectively are represented by the 

coloured solid lines. Right: Thermal shift ratio of the edge PL peak centre 

wavelength. 
 

The measured edge PL of sample C from wafer MR2615 had a thermal dependence 

of           (Fig. 4-12 left). This value corresponds very well with the shift of the 

subcavity resonance feature (dip at the centre of the DBR reflectivity stopband as 

shown in Fig. 4-11). This, together with the distorted shape of the PL peak could be 

an indication that the detected signal was modulated by the subcavity. Fig. 4-13 

shows the measured edge PL signal of a sample from growth calibration wafer 

MR2598. This sample had no DBR as mentioned before due to which it was insured 

that modulation by the subcavity was avoided and the thermal shift of the underlying 

QD ensemble could be measured accurately. The measured peak centre wavelength 

shift with temperature is          . This is in good agreement with the thermal 

shift of the energy bandgap of Ga0.52In0.48P QWs (          ) lattice-matched to 

GaAs, as was reported by Liu et al. [32]. It is also in good agreement with an 

experimentally determined value (    -        ⁰ ) of a similar QW based 

VECSEL structure with compressively strained (      -     ) Ga0.45In0.55P QWs 

reported by Hastie et al [33]. Table 4-6 summarises the calculated   (according to Liu 

et al. [32]) and measured temperature dependence of the energy bandgap for the 

different material compositions, present in the VECSEL subcavity.  
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Fig. 4-13 Sample from MR2958. Left: Edge photoluminescence spectra on a 

logarithmic scale taken at 20, 40, 60 and 80 °C respectively are represented by the 

coloured solid lines. Right: Thermal shift ratio of the edge PL peak centre 

wavelength. 
 

Material composition Thermal dependence of Egap(T) / nm/K 

Theory Measurement 

InP (bulk)
 

         0.25  

InP/ Ga0.51In0.49P (QD)       0.13 

Ga0.52In0.48P 0.13 0.12-0.15
* 

(Al0.3Ga0.7)0.52In0.48P 0.11  

(Al0.6Ga0.4)0.52In0.48P 0.09  

Table 4-6 Calculated energy bandgap shift with temperature for material 

compositions present in the VECSEL subcavity. * measured thermal shift for a 

similar compressively strained GayIn1-yP QW VECSEL structure with       . 
 

 

4.4.2.3 Surface photoluminescence 

 

The room temperature surface PL peak position is at 747 nm and the thermal shift 

was measured to be of             ⁄  as can be seen in Fig. 4-14. The RT 

reflectivity spectrum is also included in the graph in order to illustrate that the 

resonance feature corresponds well with the peaks in the surface PL spectra. The 

intensity of the surface PL signal decreases with increasing temperature, which can 

be attributed to the decreased quantum efficiency of the QDs at elevated 

temperatures due to increased carrier escape from the dots. The peak maximum of 

the edge PL at room temperature in Fig. 4-13 is close to 740 nm, which is about 6 nm 

short of the subcavity resonance (Fig. 4-11 and Fig. 4-15). The QD ensemble peak 

emission has a faster shift with temperature than the subcavity resonance/RPG as 

explained in Section 2.2.3.3 and thus moves closer to the resonance wavelength with 
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increasing temperature. The effect of the temperature induced charge carrier escape 

from the dot states into the wetting layer/barrier seems to be dominant at these 

elevated temperatures, reducing the emission efficiency despite the better overlap, 

resulting in a decreasing surface PL intensity. This would suggest that an optimised 

overlap at room temperature could be advantageous.  

 
Fig. 4-14 Left: Surface photoluminescence (PL) spectra at 20, 40, 60 and 80 °C 

respectively are represented by the coloured solid lines. A room temperature 

reflectivity spectrum (black dashed line) is also represented for clarification. Right: 

Thermal shift ratio of the surface PL peak centre wavelength.  
 

The room temperature reflectivity, surface PL, edge PL and free running laser 

emission spectrum were plotted together with the tuning ranges for samples A, B, C 

and D and are shown in Fig. 4-15. The plotted graphs reveal that the QD ensemble 

PL peak emission, corresponding to the dot size distribution, was shorter than the 

design wavelength. A bi-modal dot size-distribution, characteristic for InP QDs was 

also revealed in the edge PL peak (second peak/sholder in the blue solid line in Fig. 

4-15, around 760 nm, showing emission from a larger group of dots) for samples A 

and B. The laser emission wavelength is dominated by the gain profile of the dot 

ensemble indicated by two features in Fig. 4-15:  

 The centre wavelength of the free running laser emission spectrum (red lines) 

is always close to the edge PL peak maximum.  

 The tuning range (green solid line) for samples C and D describe closely the 

measured position and shape of the edge PL peak.  
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Fig. 4-15 Room temperature reflectivity (dashed black), surface PL (solid wine red) 

and edge PL (solid blue) spectra together with the detected free running laser 

emission spectrum (red) and measured tuning range (solid green line with full green 

circles), where applicable. 
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Samples C and D were cleaved at different wafer positions but their laser 

performance, including the emission wavelength was almost identical. Differences 

can be seen in comparison with samples A and B, which have lower laser emission 

 wavelengths and higher threshold pump powers. With decreasing laser emission 

wavelength the peak gain of the dot ensemble moves further from the RPG 

wavelength, which reduces the overlap. Higher pump threshold powers are thus 

required to reach the transparency carrier density condition. As the differential 

efficiency and point of rollover were not affected by these variations, the maximum 

achieved output power increased with decreasing pump threshold power and was 

highest for sample C. The reduced overlap could also be responsible for the absent 

and very narrow tuning range of samples A and B respectively. The trends described 

in Fig. 4-15 and Table 4-5 are a strong indication that better laser performance with 

lower threshold and higher output power could be achieved for structures with a 

better overlap between QD gain and RPG wavelength.  

 

4.4.3 Edge photoluminescence of a working laser 

 

Edge PL measurements were done for low excitation densities on a cleaved sample. 

The measurement ideally probes the non-modulated spontaneous emission of the 

gain material. In this experiment, the edge photoluminescence emission was detected 

within a working cavity in order to examine the photoluminescence behaviour below 

and above the laser threshold. The point of interest here is to find out the mechanism 

which sets the laser emission wavelength and how the PL and laser emission 

wavelength change with pump intensity. 
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4.4.3.1 Experiment 

 

 
Fig. 4-16 Picture of the experimental setup, showing the active laser, mounted and 

bonded to a brass mount. The green colouring comes from scattered pump light. PL 

collection occurred via the short microscope objective near the left side of the 

mount on the upper right side of the picture.  

 

The cavity for this measurement was slightly altered compared to the laser 

performance tests. As the incident pump power of the 532 nm laser unit in the 

spectroscopic set-up was restricted to below 1 W, the pump intensity had to be 

increased in order to allow the coverage of the entire working range from zero up to 

threshold and thermal rollover. A feature of this laser type is the power scalability, 

meaning the possibility to alter the pump spot/cavity mode size and thus the pump 

intensity in order to optimize the threshold power, but also the thermal rollover point 

as required. A three mirror V-shaped cavity with all high reflective mirrors was used. 

The folding mirror (FM) had a radius of curvature of 50 mm. The pump beam was 

focused to a measured diameter of        ; this corresponded to a total spot size 

of around         in the horizontal plane for an angle of incidence of 33 ⁰C. The 

cavity dimensions were chosen to match this spot size, with the short cavity arm 
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(VECSEL – FM) and long cavity arm (FM – plane OC) being 26 and 145 mm 

respectively. A 500-μm-thick diamond heatspreader was optically bonded to the 

VECSEL intracavity surface and the sandwich mounted into a brass mount, modified 

to allow access to the cleaved edge. A         focal lens collected the emitted 

photoluminescence, which was focused into the spectrum analyser. The experimental 

set-up is shown in Fig. 4-16. The pump power was adjusted by the help of a 

  ⁄ -retarder in combination with a polarising beam splitter cube.  

 

4.4.3.2 Results and discussion 

 

 
Fig. 4-17 Edge photoluminescence measurements within a working laser cavity in 

dependence on pump intensity, from zero to the point of rollover. The Ga0.51In0.49P 

QW emission around 650 nm together with the InP QD ensemble emission at 

725 nm and the laser emission around 738 nm is recognisable. Also shown in the 

graph is the measured room temperature reflectivity stopband (black dash-dotted 

line) and surface PL (red dash-dotted line).  

 

 

Fig. 4-17 displays the measured edge PL spectra. The different features, starting from 

short wavelengths, could be attributed to the PL emission of the Ga0.51In0.49P QWs 
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around 655 nm, the InP QD ensemble centred around 725 nm and laser emission 

spectrum at 738 nm (for pump power levels above threshold). The origin of the wavy 

line shape recognisable between the QW and QD ensemble PL peaks was caused by 

the DBR resonance features, adjacent to the reflectivity stopband. From this plot it is 

recognisable that the laser emission occurs at a point between the edge PL peak 

maximum of the QD ensemble and surface PL peak. This indicates a “pulling” effect 

of the free running laser mode towards the resonance position. The peak positions of 

the QD ensemble PL and the centre of the laser emission from these graphs is plotted 

against the incident pump power in Fig. 4-18. The blue-shift of the QD ensemble PL 

peak position with increasing pump intensity can be explained by the state filling 

effect. Large QDs have the deepest energy states and dominate the PL emission at 

low excitation. Smaller QDs with shallower energy states become more and more 

populated with increasing pump density, shifting the emission towards shorter 

wavelengths. This effect of the PL emission slows down gradually and flattens out 

above 300 mW pump power. The expected decrease of the bandgap energy with 

pump induced rise of temperature in the pumped area, described by Kemp et al. [34] 

is compensated by the state filling of higher lying QD states and the PL emission 

wavelength remains constant [35,36]. The centre of the laser emission wavelength 

decreases with pump intensity close to the laser threshold power, but reaches quickly 

a minimum at 430 mW after which the wavelength increases linearly with a rate of 

Δλ/ΔP = 2.8 nm/W until thermal rollover ~750 mW. This behaviour is very similar 

to that described in the previous Section 3.3.2 on InAs/GaAs SML QD VECSELs. 

The sublinear behaviour at highest pump intensities might indicate the onset of 

thermal rollover. The inset in the figure illustrates the progression of the laser 

emission spectra for the different points (green triangles) in the graph supports this 

argument. A broadening of the total laser emission spectrum towards longer 

wavelength is recognisable with increasing pump intensity below 750 mW. The short 

wavelength side of the emission spectrum remains almost constant, independent on 

the pump level. Further broadening is prevented above a pump power of 750 mW. 

This ‘saturation’ level might be explained by the onset of thermal rollover and a 

lower emission efficiency of the dots in this region.  
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Fig. 4-18 Quantum dot structure: plot of the edge photoluminescence behaviour in 

dependence on the incident pump power (red squares). The laser emission 

wavelength is represented by the green triangles. The inset depicts the laser 

emission spectra in dependence on incident pump intensity, where the fringes are 

caused by the etalon effect of the diamond heatspreader.   

 

 

A difference with respect to InAs/GaAs QD based VECSELs discussed in Section 

3.3.1.1 (see Fig. 3-2 left) and also in [37] is the development of the full width of half 

maximum (FWHM) of the PL peak with increasing excitation, which is caused by 

the population of excited states in that case, creating a very broad and even PL 

spectrum. In case of the present InP QDs, where only ground state emission is 

present the              remains almost constant over the complete laser 

working range with pump densities up to          . The narrower gain spectrum 

makes a good match between gain and resonances more difficult compared to the 

InAs/GaAs QD case.  
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4.4.4 Time resolved PL decay measurements 

 

This series of measurements was carried out at Cardiff University, School of Physics 

and Astronomy, in collaboration with the group of Prof. Peter M. Smowton. The 

experimental set-up and equipment was prepared and controlled by Dr. Julie Lutti, a 

postdoctoral researcher from this group.  

Time resolved PL decay measurements can give information about the radiative 

lifetime of the charge carriers. An estimated radiative decay time in the 1 ns range 

for In(Ga)As QDs is stated in [16] and thought to be similar in the present 

InP/Ga0.51In0.49P QDs. The intention for this experiment was to determine the actual 

recombination time for the current structures and any modulation effects due to the 

resonant cavity design.  

 

4.4.4.1 Experimental setup 

 

The experimental arrangement is shown in Fig. 4-19, where the tested samples were 

pumped by a frequency doubled Ti:sapphire laser from Coherent. The Mira 900 

(Coherent), mode-locked Ti:sapphire laser unit, had a tuning range of 710-940 nm 

and provided pulse durations of 200 fs and a repletion time of 13 ns with a pulse 

energy of 2 nJ. The Ti:sapphire was pumped by a continuous wave 8 W Verdi V8 

laser (Coherent) at 532 nm and set for an emission wavelength of 900 nm. The 

output beam passed through a glass beam splitter, where the reflected part was 

detected with a fast photodiode and the transmitted part passed through a nonlinear 

crystal arrangement for second harmonic generation to 450 nm. The nonlinear 

conversion efficiency was about 20 % and corresponded to a measured average 

power of             (pulse energy 400 pJ) after the conversion process. The 

beam passed through an attenuation wheel, allowing for continuous power 

adjustment and an achromatic lens with         , focussing the beam to a pump  
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Fig. 4-19 Experimental set-up of the time dependent PL measurements. 

 

Spot size of          . Emitted surface PL was collected by a telescope optic, 

having a          and focussed into a Bentham M300 monochromator where 

the PL signal was dispersed by a grating with 1800 lines/mm allowing a resolution of 

1.5 nm. The output from the monochromator was finally directed into the streak 

camera (Hamamatsu) and the sweep time triggered by the pulse duration of the 

MIRA 900 unit, detected with the fast photodiode. Calibration of the monochromator 

was done with the help of an Hg-Ar spectral calibration lamp from Oriel (6025-M) 

and online available data of spectral lines of Ar and Hg atoms from the National 

Institute of Standards and Technology (NIST)[38]. All measurements were done for 

an entrance slit width of the spectrum analyser of 30 μm, which allowed an estimated 

resolution limit of 180 ps due to the time jitter of the detected signal on a time scale 

of 20 ns. The resolution limit for a shorter time scale of 5 ns was 70 ps. Temperature 
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and excitation dependent measurements were carried out. For the thermal behaviour 

tests, the samples were glued to a TEC with silver paste.    

 

4.4.4.2 Results and discussion 

 

 
Fig. 4-20 Left: 3D data file, recorded by the streak camera. Right top: Extraction of 

the surface PL time decay profile, together with mono-exponential fit curve. Right 

bottom: extraction of the surface PL spectral profile.   

 

Recorded data files are returned in a three dimensional matrix, giving the spectral 

resolution in the x direction, the time axis in the y direction and signal intensity as 

the z-axis. These data files were processed using a MathCad programme given in 

Appendix A.6 and extracted in several steps: Data import, calibration of the 

spectrum, definition of the time axis (5 or 20 ns sweep time), subtraction of 

background noise, and signal normalisation. An example for the extracted data files 

is given for a surface PL spectrum (Fig. 4-20, bottom right) and for the iso-chromatic 

line (surface PL time decay profile) at different wavelengths (Fig. 4-20, top right). 

The noise on the surface PL spectrum was caused by the roughness of the slit 

entrance to the streak camera. The time decay profile is well described by 

mono-exponential decay and the fitting parameters are determined by a linear fit on a 

semi-logarithmic plot as can be seen in Fig. 4-20. For the estimation of the relative 

error the standard deviation of the linear regression was added together with the 

estimated time jitter of about 120 ps. A further measure for the quality of the linear 

fit was the observation of the correlation coefficient [39], which was plotted, next to 
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the extracted PL decay time graphs. The spectral error was taken to be the resolution 

limit of the monochromator. Three different samples were probed in this way, a piece 

from the growth calibration wafer MR2598, sample A and sample C (see Fig. 4-15). 

The samples were chosen due to the absence or position of the subcavity resonance 

respectively. For the growth calibration sample, no resonance effect was expected, 

giving the actual decay time (radiative carrier lifetime) of the dots. Sample A had the 

largest separation between the edge PL peak/laser emission wavelength and the 

surface PL peak wavelength. For sample C, this difference was the smallest for the 

working samples.  

 
Fig. 4-21 Excitation density dependent PL decay measurements of the growth 

calibration structure. Black, red, blue and green squares for 440, 325, 220 and 

120 pJ pulse energies. The surface PL signal (dashed line) is superimposed for 

clarification. Calculated correlation coefficients are represented on the right hand 

side.  

 

In case of the growth calibration sample, the radiative carrier lifetime was probed in 

dependence on excitation density Fig. 4-21 and temperature Fig. 4-22. As the 

spectrum in this case is set solely by the contributing QDs of the ensemble, it can be 

concluded, that the radiative carrier lifetime increases with QD size (emission 

wavelength). Radiative carrier lifetimes in the range τ = 1-3.5 ns were measured in 

this case with no significant deviations for the different excitation densities, as the 

values lie all close or within the error bars. Small QDs have a poorer carrier 

confinement and thus thermal escape occurs more easily compared to larger QDs. 

The escaped carriers populate higher energy levels outside the dot states and 

recombine non-radiatively. The decreased PL decay time for values above 750 nm 

should be taken with caution, as the correlation coefficients indicate a poor fit due to 

weak signal strength and large noise levels in this region.  Increasing temperature has 
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a stronger effect on the radiative carrier lifetime. For a constant excitation level of 

440 pJ (             ), the PL decay time at the highest point decreases with 

increasing temperature from around 3.5 ns down to 2 ns for the temperature range 

20-80 ⁰C. This could be understood by increasing thermal excitation of the charge 

carriers from dot levels into the wetting layer, capping QW or barrier states, 

mitigating the radiative recombination efficiency. It illustrates the impact of the 

thermal heat introduction on the radiative carrier lifetime.  

 
Fig. 4-22 Temperature dependent radiative carrier lifetime measurements of the 

growth test structure. Back, red, blue and green squares stand for 20, 40, 60 and 

80 ⁰C. The surface PL signal (dashed line) is superimposed for clarification. 

Calculated correlation coefficients for each point are represented on the right hand 

side.   
 

 

For the next two samples (A & C) the resonance effects contribute an increased 

photon lifetime to the carrier lifetime for the overall PL decay time. The presence of 

the DBR creates a subcavity with the semiconductor/air interface; an etalon effect. 

This alters the photon lifetime in the cavity in dependence on the mirror reflectivity. 

A qualitative model of the cavity effect is described by following equations [40].  

     [
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  Equation [4-1] 

   

   ,  ,    ,    ,   ,      are the cavity photon lifetime, the speed of light in vacuum, 

the averaged refractive index of the layers inside the cavity, the total internal 

absorption coefficient, the reflectivity product of DBR and semiconductor/air 

interface and the cavity length. The transmission of this subcavity is calculated by 

[41]  
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  Equation [4-2] 

   

Here     /     and     /     stand for transmission/reflection of the DBR and 

semiconductor/air interface in dependence on the wavelength respectively. 

Combining both formulas by the relation       describes qualitatively the 

dependence of the cavity photon lifetime on the wavelength. This effect enhances the 

photon lifetime almost by a factor of 1.5 at the resonance position compared to the 

growth calibration structure and is recognisable in Fig. 4-23 (sample A). At the point 

where PL wavelength and resonance are matched a decay time of 5 ns is measured. 

In the range of applied pulse energies 40-440 pJ no significant deviation of the decay 

times is present. Larger deviations of single measurement points at either end of the 

detected spectrum are thought to be caused by the weak detected signal strength, 

indicated by the decreasing correlation coefficient. The cavity effect on the PL decay 

time is better illustrated for sample C in Fig. 4-24. Here, the PL decay time follows 

closely the shape of the photon lifetime with a maximum decay time of 5 ns at the 

peak position before it starts to decrease again. Fig. 4-24 on the right hand side 

depicts the temperature dependent decay time between 20-80 ⁰C. A thermal red-shift 

of the maximum cavity photon lifetime position is recognisable. The highest decay 

time value also increases with temperature and reaches a maximum of τ = 5.5 ns 

around 60 ⁰C. The red-shift is caused by the thermal dependence of the QD ensemble 

PL peak emission and the increase by an improving overlap between QD emission 

and resonance wavelength. Something else becomes visible as well. At lower 

wavelengths (smaller QDs) the thermal effect on the decay time is weaker and 

becomes only apparent towards the peak maximum position. This behaviour is 

different from that of the growth calibration sample, where the radiative carrier 

lifetime decreases with increasing temperature. In this case the decreased radiative 

carrier lifetime due to thermally induced carrier escape is compensated by the better 

overlap. Optimum conditions are expected where the QD ensemble emission and the 

subcavity resonance are matched.  
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Fig. 4-23 Excitation density dependent PL decay time for sample A. Black, red, 

blue, green and wine red squares for 440, 325, 220, 120 and 40 pJ pulse energies. 

The calculated cavity photon lifetime (pink dash-dotted line) is superimposed for 

clarification. Calculated correlation coefficients for each point are represented on 

the right hand side.  

 

 
Fig. 4-24 Left: Surface PL decay time dependent on the excitation density for 

sample C. Back, red, blue, green and wine red squares stand for 440, 325, 220, 

120 and 40 pJ pulse energies. The calculated cavity photon lifetime (pink dash-

dotted line) is superimposed for clarification. Right: Temperature dependent 

radiative carrier lifetime. Back, red, blue and green squares stand for 20, 40, 60 and 

80 ⁰C.  
 

 

4.4.5 Further growth quality characterisation 

 

As explained in Section 2.2.4 the effective dissipation of any introduced heat from 

the gain region of the VECSEL structures is of high importance for the laser 

performance. Therefore the method of a transparent intra-cavity optically-contacted 

diamond heatspreader to the VECSEL surface is applied via liquid capillary bonding 

[31]. One problem making the laser performance tests of the presented QD samples 

difficult was the very rapid detaching of the diamond heatspreader from the structure 
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surface. This allowed a usual time window for the measurements of maximum few 

hours, including necessary cavity adjustments after mounting of the sample into the 

cavity. An attempt to circumvent this problem was by mechanical thinning of the 

substrate. The general ease to bond the heatspreader to the sample surface could be 

improved due to the increased flexibility of the thinned structure, but the time that 

the sample remained bonded didn’t change significantly. In addition, the sample was 

much more vulnerable to destruction during the handling. It was assumed that the 

highly strained InP QD epilayers were the reason for the impaired bonding ability.  

As part of the investigation into the reason for the poorer bonding behaviour with 

comparison to QW structures in the (AlxGa1-x)0.51In0.49P material system, 

simultaneous cathodoluminescence (CL) and secondary electron microscopy (SEM) 

imaging was carried out. Three QD samples (described in Table 4-2) and one similar 

QW sample were examined from wafers:  

 MR2482: the first growth campaign, containing 24 QD with had two different 

barrier types making it the most complicated structure design. It was not 

possible to attach a heatspreader by liquid capillary bonding to the surface.   

 MR2615: the successful VECSEL structure. Bonding of the heatspreader was 

possible but limited. 

 MR2598: the growth calibration. Containing the complete active region 

(identical to MR2615) without the DBR. Bonding behaviour was best 

between the QD samples 

 for comparison: a quantum well based Ga0.413In0.587P/(Al0.6Ga0.4)0.51In0.49P 

structure (further denoted as “QW sample”) with an emission wavelength at 

680 nm, containing an active region with 2 x 10 QWs, grown on top of a 

DBR with 45.5 pairs of AlAs/Al0.4Ga0.6As, similar to the structure reported in 

Hastie et al. [6].  

The obtained results could additionally be verified by transmission electron 

microscopy (TEM) images for sample MR2598. 
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4.4.5.1 Experimental setup 

 

The CL/SEM and TEM imaging was carried out at the School of Physics, Peking 

University with the help of Mr. Wang Lei, a PhD student at the School, who was 

trained in the use of the equipment. All samples were tested with a MonoCL3 system 

from Philipo-FEI, capable of simultaneous CL and SEM imaging of the observed 

sample area. All discussed CL images below for the QD samples were detected in a 

spectral range of 650-780 nm, covering both QD ensemble as well as QW emission.  

The detection wavelength of the QW sample was set around 680 nm. An applied 

voltage in the range from 2-30 kV accelerated the electron beam onto the samples’ 

surface. The penetration depth of the electrons into the present structure was 

estimated by help of the open source programme CASINO version 2.42, supplied by 

Drouin et al. [42], where the designed multi-layer stack was recreated and used for 

the simulation. An estimation of the weighted electron beam penetration depth is 

displayed in Fig. 4-25.  

 
Fig. 4-25 This graph shows the weighted electron beam penetration depth into the 

AlGaInP structure. 
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4.4.5.2 Results 

 

 
Fig. 4-26 CL (left) and SEM (right) images of the QW sample for different electron 

beam penetration length a) 10 kV, b) 20 kV, c) 30 kV. Dark spot defects are very 

shallow below the surface, whereas dark line defects are detected deeper inside the 

structures. 
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An optical pre-examination of the surfaces was carried out by eye and under the 

microscope. In case of the QW sample no surface defects (despite of scratches) were 

found and it was very easy to establish a long lasting bond between the diamond 

heatspreader and the sample surface. The observed defects in the CL images are 

mainly dark lines and some dark point like defects which couldn’t be related to any 

features at the surface given by SEM imaging of the same area shown in Fig. 4-26 

right side. Furthermore the point defects are only visible in the CL images for the 

lowest applied electron beam acceleration voltage of 10 kV (Fig. 4-26 a). This means 

that the defects are very close to the surface. Images with higher acceleration 

voltages (20 and 30 kV, Fig. 4-26 b and c) reveal very faint and deeper lying dark 

line defects. In general, the observed luminescence appeared to be homogeneous 

with only few defects. The dark points appear localised and might be an indication 

for relaxation of the high strain in the QWs (as stated by the grower; EPSRC 

National Centre for III-V Technologies at the University of Sheffield).  

 
Fig. 4-27 Sample MR2482: Left: Cathodoluminescence (CL) image. Right: 

Secondary electron microscopy (SEM) image. 

 

In contrast to this were all three quantum dot samples covered by dark spot defects 

(DSD) in the CL images, as depicted for example in Fig. 4-27. These DSDs are very 

likely to be threading dislocations [43,44]. SEM images depict these dislocations as 

triangular surface features (TSF) and are illustrated in the inset of Fig. 4-28 a). 

Application of CL imaging for different electron beam acceleration voltages show 

that the size and position of the dark spot defects do not change with penetration 

depth, indicating their parallel propagation to the growth direction. The DSD density 
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was estimated to be similar for all three samples in the range of 5·10
6
 cm

-2
. The 

number of TSF varied considerably between the three QD samples. A closer analysis 

of the CL and SEM images for all three samples is given below. 

MR2482:  

 
Fig. 4-28 Sample MR2482: Highlighted dark spot defects (yellow circles) and 

triangular surface features (green circles) in the CL (left) and SEM (right) images 

for lowest (a) 2 kV) and deepest (b) 30 kV) electron beam penetration. Position and 

shape of the dark spot defects remain unchanged. The inset of a) illustrates the 

shape of these defects.  

 

Both, cathodoluminescence (CL) and secondary electron microscopy (SEM) images 

show a large number of defects. The CL-image is covered by many dark line defects, 

most of which can’t be seen in the SEM image and appear below the surface. The 

dark spot defects can be directly correlated to the triangular shaped features seen in 

the SEM-images. The estimated density of the DSDs and TSFs for this sample are 

around 7·10
6
 cm

-2
 and 5.3·10

6
 cm

-2
 respectively, where the estimation was done 

manually by counting the number of defects within a box of 20 x 20 μm
2
, as 
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illustrated in Fig. 4-27, having a magnification of x1600. In this case almost all 

threading dislocations propagate to the surface. The behaviour of the defects in 

dependence on electron beam acceleration voltage is illustrated in Fig. 4-28  

(magnification x4000) for a) 2 kV and b) 30 kV. The shape, number and position of 

the DSDs don’t change with electron acceleration voltage.  

 

MR2615:  

The SEM image (Fig. 4-29, magnification x4000) of the completed VECSEL has an 

estimated surface defect density of 5·10
5
 cm

-2
 and a slightly reduced density of DSDs 

with respect to MR2482. This indicates that the progression of the threading 

dislocations into the surface could be decreased by a factor of 10, which improved 

the surface smoothness of this sample and might explain the better ability to bond the 

diamond heatspreader to the surface.  

 
Fig. 4-29 Sample MR2615: Cathodoluminescence (CL) image; right: Secondary 

electron microscopy (SEM) image of the same area on the sample surface. The 

surface is much smoother compared to the first growth. 

 

 

MR2598: 

In case of this growth calibration sample it is expected that the overall built-in strain 

is smaller compared to the completed VECSEL (MR2615) due to the missing DBR. 

Although the DBR is near-lattice-matched, it is realistic that it is a source of strain, 
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due to its thickness of several micrometre and possible variations in layer 

composition. The estimated density of the DSDs is with 2.5·10
6
 cm

-2
 by a factor of 2 

lower and the number of TSFs is with 0.7-1.8·10
6
 cm

-2
 by a factor of 4 lower 

compared to sample MR2482. The estimated size of the DSDs is less than          

in diameter (resolution limited) as shown in Fig. 4-30 b). Fig. 4-30 a) and b) show 

areas on the same sample with same acceleration voltage but different magnifications 

of x4000 and x8000 respectively, which is also the reason for the difference in the 

estimated densities. As for the previous QD samples, it is possible to determine, that 

the density, size and position of the DSDs do not change with electron beam 

penetration depth.  

 
Fig. 4-30 Sample MR2598: a) (CL (left) with highlighted dark spot defects (yellow 

circles) and SEM (right). b) Estimation of dark spot size (      ). 

 

A cross sectional TEM image of the active region of this sample is given in Fig. 

4-31. It reveals the existence of threading dislocations originating within the first  
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Fig. 4-31 TEM image of the gain region applying quantum dots as gain medium. 

This particular sample is was grown for calibration purposes and consists only of 

the gain region without the DBR. The seven groups of three dot-in-a-well layers are 

visible. The origin of the threading dislocations appears to be the first group of 

quantum dot layers. 

 

QD-layer group. They propagate perpendicularly to the epitaxial layer planes 

towards the surface, where the majority of them terminate. Some of the threading 

dislocations terminate at interfaces within the structure, such as higher lying 

QD-layers. It is believed that these threading dislocations are the cause of the DSDs, 

visible in the CL measurements and also the reason for the TSFs in the SEM images. 

The image also resolves the QD-layers, spacer and barrier layers. The refractive 

index pattern of the designed active region is also depicted to the right hand side of 

the image illustrating the positioning of the different layers. Fig. 4-32 shows a further 

TEM image of the same structure with a larger magnification, allowing the 

estimation of the real layer thicknesses. The measured thickness of the dot-in-a-well 

was 8 nm (red line in graph), that of the separators between two dot-in-a-well layers 

within a group is 16 nm (blue line). Both correspond very well with the designed 

values. The designed barrier thickness was 54 nm, indicated by the dark green line. 

The TEM image shows an artefact, dividing the barrier into 16 nm (blue line) plus 

38 nm (light green line) layers, resulting in a total length of 54 nm. The separator and 

barrier composition was the same and the whole active region was grown at a 

constant temperature of 710 ⁰C. The origin of this ‘growth artefact’, indicated in the 

figure could not be explained so far by consultation of the growth procedure 
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(growers’ remark). The total barrier thickness does not seem to be affected by this 

artefact and all layer thicknesses correspond well with the designed values. 

Nevertheless, this artefact could have an effect on the RPG wavelength and thus on 

the laser performance as this calibration growth structure is believed to be identical 

to the active region of VECSEL structure MR2615.  

 
Fig. 4-32 Cross sectional TEM image showing, the dot-in-a-well layers (InP QD + 

Ga0.51In0.49P QW), the separator and the barrier between two groups of QD-layers. 

Thicknesses are indicated by red (8 nm), blue (16 nm) and green (40 or 54 nm) lines 

for an estimation of the real thicknesses. 

 

 

4.4.5.3 Discussion 

 

Dark spot defects, covering the QD samples are caused by the presence of non-

coherently strained islands (very large QDs, which undergo plastic relaxation via 

introduction of misfit dislocations) and are threading dislocations, which act as non-

radiative recombination centres, appearing as dark spots in the CL images. Two 

factors can contribute to the occurrence of these dark spot defects. a) InP QDs have a 

bimodal growth distribution [25] and their optimum growth temperature is usually 

T = 600 ⁰C [18,29]. The gain regions of the present structures were grown at 
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elevated temperatures of T = 700 (MR2482) to 710 ⁰C (sample MR2615 and 

MR2598) in order to meet optimum growth conditions for the capping GaInP QWs 

[19]. The increased QD growth temperature on the other side leads to an increased 

diffusion length of the surface atoms, favouring a fast growth of larger dot sizes with 

smaller dot densities. b) A low growth rate favours in general larger QDs with a 

smaller dot density, whereas a high growth rate shifts this ratio towards higher dot 

densities but smaller sizes. The typical case for too high growth rates is the 

generation of small, coherent and large, fast growing, non-coherent QDs [45,46]. The 

InP QD-layers in the present work were grown at growth rates between 2.1-2.7ML/s. 

Given the effective layer thickness of 2.1 MLs per QD-layer, the total growth time 

was less than one second. This might have caused larger variations in the total layer 

thickness, by only small variations in growth time and might have enabled the 

conglomeration of large non-coherently strained islands.  

Sample Tgrowth (⁰C) 
thQD/tgrowth 

(ML/s) 
DBR 

Barrier2 

xAl = 0.6 

σDSD 

(10
6
cm

-2
) 

σTSF 

(10
6
cm

-2
) 

MR2482 700 2.7 Yes Yes 5.7 5.6 

MR2615 710 2.4 Yes No 2.7 1.8 

MR2598 710 2.4 No No 4.6 0.5 

Table 4-7 Summary of some of the growth conditions is stated together with the 

density of the detected dark spot defects (DSD) and triangular surface features 

(TSF). Tgrowth, thQD/tgrowth is the growth temperature and the growth rate of the 

QD-layers respectively. 

 

In summary, the high growth temperature, rate and other structural properties 

together with the short growth time are likely to have contributed to the appearance 

of the discussed defects as shown in Table 4-7. In case of sample MR2482, which 

had a lower growth temperature, but a faster growth rate and a second barrier type 

inside the active region, the defect density was highest of all tested samples. The 

laser structure MR2615 consisted only of one barrier type and was grown at 710 ⁰C 

with a reduced growth rate had a reduced amount of dark spot defects and the lowest 

density of surface features. The growth calibration sample MR2598 is thought to 

have an identical active region compared to MR2615 but without the DBR. This fact 

might have caused a reduction of the total strain stored within the structure, which 

could have enabled the structure to accommodate the strain introduced by the dots 

more efficiently and resulted in the termination of more threading dislocations at 
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interfaces rather than the surface. The TSFs are likely the explanation of the 

difficulties to bond the diamond heatspreader to the sample surface. Furthermore 

dislocations reduce the laser efficiency, by acting as carrier traps and non-radiative 

recombination centres. It is believed that a reduction of the defect density can 

improve bonding as well as laser performance. 

 

4.5 InP QDs for passive mode-locking of Ti:sapphire lasers 

 

 
Fig. 4-33 Experimental arrangement of the Ti:sapphire laser cavity. The QD 

VECSEL device (InGaP QDs SA) used as a saturable absorber end mirror. FS14 – 

fused silica prisms for group dispersion compensation, Slit – intra-cavity aperture, 

2 % OC – output coupler [1]. 
 

Properties of self-assembled QDs such as the relatively broad size distribution with 

its broad gain and absorption bandwidth together with the fast carrier dynamics and 

low saturation fluence are advantageous properties for the generation of short pulses. 

One possible application of these properties is stable, self-starting passive 

mode-locking. Mode-locked (ML) solid state, semiconductor and fibre lasers 

utilising InGaAs/InAs QDs based semiconductor saturable absorbers mirrors 

(SESAMs) were demonstrated in the infrared wavelength range [47] from 

950-1600 nm. InP QDs allow the extension of the spectral range towards shorter 

wavelength around 750 nm. Therefore a sample from the first growth campaign 

(wafer MR2482) was used by Dr. Vasili G. Savitski to passively mode-lock a 
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Ti:sapphire laser by utilising it as a SESAM structure (see Fig. 4-33 - InGaP QDs 

SA). The experiments were conducted by Dr. Savitski and the results published in 

[1]. This work is mentioned at this place for completeness and in order to illustrate a 

further application range of these devices.  

 
Fig. 4-34 a) Output power through the 2 % output coupling mirror with the InP 

saturable absorber (SA) mirror installed into the Ti:sapphire cavity (full black 

circles). Solid line – reflectivity stopband of the SA, saturable absorption spectrum 

R/R (%) (centre scale, squares). b) autocorrelation trace of the ML pulse intensity 

with the corresponding optical spectrum (inset) [1]. 
 

The structure design of sample MR2482 can be found in Appendix A.1. The 

reflectivity of the DBR limited the tuning range of the Ti:sapphire laser to 

745-790 nm. Despite the broad tuning range, stable cw ML operation was achieved 

in the range from 749-754 nm. The generated pulses, shown in Fig. 4-34 b) were as 

short as 518 fs with a time-bandwidth product of 0.33 (corresponding to a spectral 

width of 1.2 nm). The resonant subcavity setting of the structure (it was designed as a 

VECSEL device with a resonant subcavity, see Fig. 4-34 a) caused increased 

absorption losses in the range from 755-790 nm and prevented efficient cw 

mode-locking in this region. Although passive mode-locking was achieved between 

754-767 nm, Q-switching instabilities were dominant in this region even for elevated 

pulse fluences at the saturable absorber. Above 767 nm, only cw laser operation was 

observed. Pump-probe measurements at 752 nm, using a commercial Ti:sapphire 

laser (tuning range 720-940 nm, pulse duration 150 fs) were used to examine the 

absorption recovery. A biexponential decay characteristic was found with a fast and 

slow response of 400±50 fs and 300±50 ps. The fast response was attributed to 
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intra-band carrier thermalisation or trapping and the slow component to band-to-band 

recombination or recombination through trapping states. Intensity dependent 

reflectivity measurements revealed a modulation depth of 0.35 %, non-saturable 

losses of 1.15 % and a saturation fluence of 28 μJ/cm
2
. It is stated that particularly 

the non-saturable losses are considerably higher in this structures with respect to 

InGaAs samples.   

Improvements in the structure design, such as the reduction of the number of 

QD-layers from 24 to below 10 and a possible use of a resonant or anti-resonant 

subcavity setting are suggested to reduce the non-saturable and parasitic losses, 

maintain a sufficient modulation depth, bandwidth, saturation fluence and dispersion.   

 

4.6 Conclusion 

 

The topic of this chapter was the design and characterisation of InP QD based 

VECSEL structures for emission in the visible red, above 700 nm. Laser structures 

emitting in the range between 716-752 nm were demonstrated, achieving a maximum 

output power of over 50 mW for maximum output coupling of 0.2 %, a differential 

efficiency around 5 % and a near diffraction limited beam profile of M
2
 < 1.1. The 

very low output coupling indicates a low tolerance of these structures towards any 

loss. Wide tuning ranges up to 25 nm were demonstrated within high finesse cavities 

with a maximum output power of 0.5 mW.  

The free running laser emission wavelength is believed to be set by the overlap 

between the gain of the QD ensemble and the subcavity resonance, as indicated in 

Fig. 4-17. The close match of the tuning curves with the edge PL peaks during the 

wavelength tuning experiment suggests that the laser emission is following the gain 

of the QD ensemble. For none of the examined samples was the PL peak of the QD 

ensemble matched to the cavity resonance, which lead only to a partial overlap 

between both. Samples with the best overlap showed better laser performance in 

terms of threshold power, output power and tuning range. The differential 
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efficiencies and thermal rollover were similar in all cases, thus it is believed that a 

better match would lower the threshold power further and allow even higher output 

powers.  

Photoluminescence decay measurements of growth calibration structures without 

DBR and thus no cavity resonance revealed an increasing PL decay time between 1 

and 3.5 ns with increasing QD size. This is related to the increasing confinement of 

the carriers with increasing dot size. Temperature increase from room temperature up 

to 80 ⁰C causes a gradual decrease in lifetime and indicates enhanced thermal carrier 

escape. The presence of the cavity resonance effect in a complete VECSEL increases 

the photon lifetime and hence the PL decay time to about 5 ns and is attributed to the 

resonance position.  

 
Fig. 4-35 Spectral coverage of VECSEL structures based on the (AlxGa1-x)0.51In0.49P, 

including Ga0.51In0.49P QWs for emission below 700 nm or InP QDs for emission in 

the range between 700-760 nm. 

 

The thermal management of choice in the presented case was heat extraction from 

the intra-cavity surface via a liquid capillary bonded diamond heatspreader. This was 

inhibited by the very rough surface morphology in most of the cases (see Table 4-1). 

The reason for this roughness was investigated via SEM/CL and TEM imaging. 

Simultaneous SEM and CL images related every triangular surface feature (TSF) to a 
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specific dark spot defect (DSD). On the other hand, not every dark spot defect in the 

CL image was recognisable in the SEM image. This was explained by the use of 

TEM imaging where threading dislocations (dark spot defects) originated within the 

first QD-layer group from non-coherently strained QDs and progressed in growth 

direction towards the surface. Some terminated within the structure (possibly at the 

carrier confinement layer) before they could reach the surface. In general, the total 

number of dark spot defects was similar for all examined samples only the number of 

surface features varied on a larger scale. It was found that the bonding affinity of the 

surface tends to increase with decreasing surface defect density. 

It was possible to extend the spectral coverage of VECSELs, based on the 

(AlxGa1-x)0.51In0.49P material system from previously 640-690 nm (GayIn1-yP QWs - 

[6,48,49]) towards 760 nm (InP QDs – this work) and is illustrated in Fig. 4-35. The 

wavelength range between 700 and 780 nm can only be addressed by InP QDs in 

case of surface emitting semiconductor laser. A major drawback of the discussed 

structures is that the growth processes are not as well established as for their InAs 

counterparts. The discussion on surface roughness has shown that there are still 

considerable difficulties in the fabrication of defect free InP QD-layers with a high 

dot density. The optimum composition in terms of emission efficiency for these type 

of dots is (Al0.2Ga0.8)0.51In0.49P. Use of tensile strained capping GayIn1-yP QWs for the 

compensation of the compressive strain introduced by the three dimensional islands 

might improve also the emission efficiency. However, the increase of the Ga mole 

fraction (   ) in the matrix and the QW cap shifts the emission wavelength towards 

the 700 nm range and thus closer to a range covered by QWs. It proved also difficult 

to match the dot ensemble position with the cavity resonances. This might be related 

to the circumstance that the QD ensemble PL peak emission is established by the 

help of the growth calibration structures. The actual peak position for the VECSEL 

structure differed somewhat from the design. The fabrication processes have to be 

further refined, which would allow the growth of defect free dot layers, necessary for 

reliable laser devices.  

In future, new structures might be grown with the focus on an improved overlap 

between QD ensemble gain and the RPG/subcavity resonance wavelength. The 
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comparison in Table 4-7 suggests that a higher tolerance of the structure towards the 

accommodation of strain could lead to an improved surface smoothness and the 

termination of more threading dislocations at interfaces. This might be possible by 

use of slightly tensile strained QWs or strain balancing layers compensating the 

compressive strain introduced by the QD-layers and could lead to an improvement of 

both, the emission efficiency and the surface smoothness. The fabrication of 

completely defect free InP QDs would be very desirable for the further development 

of InP QD based VECSELs, but seem to be very difficult to achieve at the moment. 

All this different issues might be addressed in further research projects in order to 

overcome the current limitations and open up the full potential of InP based QD 

VECSELs.  
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Chapter 5: 

1 Intra-cavity sum frequency generation of 593 nm light 

Intra-cavity sum frequency generation of 593 nm light 

5 Intra-cavity sum frequency generation of 593 nm light 

A common way to expand the wavelength coverage of lasers, especially into the 

application rich near-UV and visible region, is via harmonic frequency generation 

using non-linear optical effects. Efficient non-linear conversion requires an intense 

optical field and therefore high brightness beams, often high pulse energy. For cw 

lasers high intensities are accessed intracavity. 

High pump intensities are usually achieved by tight beam focussing inside a 

non-linear crystal. Efficient mode-matching of the fundamental and generated modes 

requires a high beam quality. This is usually difficult to achieve with standard edge 

emitting laser devices and makes beam reshaping arrangements necessary. More 

advanced edge-emitters, such as tapered laser diodes, are able to give good beam 

qualities together with high output powers, but their use within an extended cavity, in 

order to get access to wavelength tunable, high intra-cavity powers, is not 

straightforward.  

VECSELs with high intra-cavity powers and near diffraction limited beam are ideal 

for this purpose. As it was shown in the introduction Chapter 1, the availability of 

different semiconductor materials, alloy compositions and substrates has enabled the 

extension of the fundamental wavelength coverage of VECSELs, e.g. with GaAs 

substrates from 1 μm [(Al)InGaAs] down to the visible red 640 nm [(Al)GaInP] and 

into the near- IR region up to 1.3 μm using dilute Nitride [GaInNAs]. Further 

material development and quality of II-VI materials and III-Nitrides are promising 

for the extension of the fundamental emission coverage of semiconductor lasers and 

possibly VECSELs towards shorter wavelength into the visible and near UV range. 

Despite these potentials and achievements with respect to wavelength coverage, there 
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are application rich regions which are not easily accessed by this laser type via 

fundamental emission. Especially the visible range, important for many bio-photonic 

and medical applications is affected by this shortcoming [1,2]. The current way to 

achieve these wavelengths is via harmonic generation from the near-IR. VECSELs 

are low gain devices with an optimum output coupling coefficient in the range of 

only few per cent. In order to match this, non-linear crystals do not need high 

non-linear coefficients. Semiconductors are not able to store gain due to the short 

upper state carrier lifetimes in the nanosecond range and thus avoid dynamic 

fluctuations, which are common in solid-state laser devices, with upper state 

lifetimes in the microsecond range, as explained in [3]. Furthermore semiconductor 

lasers on the other hand exhibit a strong gain coupling, where neighbouring modes 

have a similar spectral gain and gain distribution [4] and thus tend to operate single 

mode. The generated output beam intensity is thus more stable as VECSELs are not 

affected by the so called ‘green problem’. 

VECSELs were already used in 1999 to produce SHG laser light and to date there 

have been a variety of visible wavelengths accessible at high output powers from the 

near-UV to the red [5-9]. Even QD-based VECSEL structures have recently been 

reported to be used for SHG, which was already mentioned in previous chapters. 

Simultaneous SHG and SFG in a VECSEL for mode coupling experiments was 

reported before by Hartke et al. [4], where the VECSEL was forced to operate with 

two longitudinal modes, and where their spectral mode separation was adjusted via 

etalons. Commercial products utilising SHG inside VECSELs have also been 

available for several years now [6,10].  

Despite the good performance of VECSELs towards high power and tunable SHG, 

wavelengths in the visible range can only be covered where adequate devices in the 

IR exist. In this term, SFG introduces some more versatility as the contributing 

fundamental waves (     ) are non-degenerate and new wavelengths can be 

generated according to mixing equation [5-1]:  

 
 

    
 
 

  
 
 

  
 Equation [5-1] 
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The aim of this project was to demonstrate coherent light at 593 nm via sum 

frequency mixing of the high intra-cavity field of an InGaAs QW-based VECSEL 

emitting around 1064 nm with a single passing diode pumped Nd:YVO4 laser beam 

at a wavelength of 1342 nm. The diode-pumped solid-state laser (DPSL) together 

with the nonlinear crystal were provided by our collaborators at the Technical 

University of Denmark (DTU). The experiment was conducted in our laboratory at 

the Institute of Photonics in collaboration with Martin T. Andersen, a visiting PhD 

student from DTU. The results were reported in [11].  

 

5.1 Theory of nonlinear frequency mixing 

 

This theoretical section is based mainly on the study of the first two chapters of 

Robert W. Boyd’s “Nonlinear Optics” book [12] and is herewith explicitly 

mentioned as the source of most of the used formulas, derivations and theoretical 

explanations. Where information was received from other sources, citations are 

given.  

In conventional optics, where the electrical field strength,  ̃(   ), of a collimated and 

monochromatic beam propagating in the z direction is low, it is linearly proportional 

to the induced polarisation,  ̃(   ), with the linear susceptibility  ( ) as 

proportionality constant.   

  ̃( )(   )     
( )   ̃(   )      Equation [5-2] 

   

and where  

  ̃(   )     (     )      Equation [5-3] 

   
  

 
,   √ ( ) ( )  Equation [5-4] 

    

The tilde symbol describes a rapidly-varying unit with time and c.c. stands for 

complex conjugate terms.    is the vacuum permittivity,  , and   are the amplitude 

and angular frequency respectively.   is the wave-vector, experiencing a refractive 

index   at the angular frequency  .   the speed of light in free space. The amplitude 
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 ( ) is slowly changing with propagation in the direction   and can be 

approximated as a constant; it can thus be defined as          and equation [5-3] 

becomes:   

  ̃( )              Equation [5-5] 

   

The invention of the laser allowed the generation of electric field strengths in the 

optical range that were strong enough to force a nonlinear response. For this purpose, 

equations [5-2] and [5-5] can be extended to a more general form including the 

nonlinear terms.   

  ̃( )   ̃( )( )   ̃( )( )     Equation [5-6] 

   

Here,  ̃( )( ) is the second-order nonlinear polarization. Higher order nonlinear 

processes are not regarded here as they are not necessary for the discussion of sum 

frequency generation (SFG). The second-order nonlinear polarisation is defined as 

the sum over the contributing beam components with their amplitude     and 

frequency,   :   

 

 ̃( )( )     
( )[  

            
          

       
  (     )        

    (     ) 

     ]    ( )[    
      

 ] 

Equation [5-7] 

   

with  ( ) being the second-order nonlinear optical susceptibility. This can be also 

expressed as: 

  ̃( )( )  ∑ (  ) 
     

 

  Equation [5-8] 

   

The first and second term in equation [5-7] describe second harmonic generation 

(SHG -         ) of an incident field. The third and fourth term stand for sum 

frequency generation (SFG          ) and difference frequency generation 

(DFG         ) respectively. DFG is also referred to as optical parametric 

amplification as the incident field with lower frequency (  ) is amplified at the 

expense of the higher frequency incident field (     ). These are so-called 

parametric processes; that is the contributing photon energies need to be conserved 

because of the very short-lived virtual energy levels taking part in the conversion 
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process, where energy storage such as in absorption processes is not possible. A 

schematic illustration of these processes is shown in Fig. 5-1. The frequency 

independent fifth term is known as optical rectification (OR) and describes the 

building up of a DC polarisation dependent on the intensity of the incident beam 

[13]. Table 5-1 summarises the different components of the second-order nonlinear 

polarisation and sets them into context to the specific non-linear processes. Second 

order non-linear processes are only possible in non-linear crystals which have no 

centre of inversion (non-centrosymmetric). For a crystal with a centre of inversion 

the contribution of the  ( )-susceptibility disappears.  

 
Fig. 5-1 Left: Virtual energy level diagram (dashed horizontal lines) describe the 

frequency generation processes SFG, SHG and DFG.  Right: Schematic of the 

conversion processes in a second-order nonlinear medium. Indexes i, r and a denote 

incident, residual and amplified beams respectively 

 

 

Name Formula 

SHG  (   )     
( )  

    or    (   )     
( )  

  

SFG  (     )      
( )     

DFG  (     )      
( )    

  

OR  ( )      
( )(    

      
 ) 

Table 5-1 Second-order nonlinear optical processes, describing second harmonic 

generation (SHG), sum frequency generation (SFG), difference frequency 

generation (DFG) and optical rectification (OR). 
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Effects related to sum frequency generation such as angle, temperature and 

wavelength tuning as well as phase-matching and quasi-phase-matching in nonlinear 

crystals can be described by coupled wave-equations in a lossless but dispersive 

medium. This is introduced in the following on the example of SFG, where two 

incident collimated and monochromatic optical fields with amplitudes   ,    and 

angular frequencies   ,    propagate in   direction. Their interaction with the 

nonlinear medium causes the generation of the sum frequency          with 

amplitude   .  

Combining equations [5-3] and [5-8] under consideration that         , the 

nonlinear polarisation can be expressed by equation [5-9]:  

  ̃ 
( )(        )            

 [(     )   (     ) ] Equation [5-9] 

   

where      is the  effective nonlinear coupling coefficient.     , is a scalar defined 

for each direction of beam propagation and polarisation with respect to the optic axis 

(i.e. uniaxial crystals). It can be calculated for each crystal class and for each phase 

matching condition (type I, II or QPM) of the incident fundamental waves by using 

the crystal symmetry and its effects on the interacting fields. This was described for 

uniaxial crystal symmetry by Midwinter et al in [14] under consideration of the 

contracted notation of the Kleinman symmetry in [15].  

With the help of equation [5-9] three coupled-amplitude equations can be derived, of 

which only one is important for SFG and stated here:  

 
   
  

 
         

 

    
     

      Equation [5-10] 

   

where momentum mismatch    is defined by: 

             Equation [5-11] 

   

Perfect phase-matching requires         i.e. there is no variation in the phase 

relationship between the SFG wave and the nonlinear polarisation  ̃ 
( )
(  ) 

according to            and the conversion efficiency is at its highest. Equation 
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[5-11] assumes low conversion, where the amplitudes of the two fundamental waves 

are not depleted by the generation process and can be regarded to remain constant. 

The amplitude of the generated coherent beam    increases linearly with the 

penetration length   in the crystal and the beam intensity increases with   .   

In the more typical case of mismatched phase condition (    ), the amplitude    

emerging from the crystal can be expressed by equation [5-12] with respect to the 

boundary conditions       , where   is the crystal length.  

   ( )  
         

     

    
∫         
   

   

 Equation [5-12] 

   

resulting in the intensity dependent relation of the generated sum frequency field:  

        
     

   
 

          
       (

   

 
) Equation [5-13] 

   

where    
   |  |

 

  
  and |

        

   
|
 

        (
   

 
), is the phase mismatch factor.  

This equation can be also expressed with respect to the power of a circular beam by 

the relation,         
  where    is the beam radius. Substitution yields,  

        
     

   
 

           

  
 

  
   
  

      (
   

 
) Equation [5-14] 

   

For focussed Gaussian beams, the sum frequency power is expressed as [16]:  

   ( )      
     

   
  

           

    
  

   Equation [5-15] 

   

where    is the Boyd-Kleinman factor and dependent on the “optimisable 

parameters” phase mismatch, focal position and strength of focussing, furthermore 

on the birefringence and absorption coefficient.  

Fig. 5-2 (left) illustrates the dependence of the conversion efficiency on the phase 

mismatch factor. As the phase mismatching increases, the phase of the generated 

wave differs increasingly from the nonlinear polarization  ̃ 
( )
(  ) until it is 
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completely out of phase for      ⁄  and energy can flow back from the SFG to the 

fundamental waves, as illustrated on the right hand side of Fig. 5-2 (red graph). This 

is defined as the coherent build-up length      
 
  ⁄ , which is limited by the 

de-phasing due to the dispersion between generated and fundamental beams [17]. As 

mentioned before, it is sometimes not possible to achieve perfect phase-matching, 

e.g. for the present case of three-wave mixing processes, for collinear beam 

propagation and a normal dispersive medium; where the refractive index of the 

nonlinear crystal behave according to the relation   (  )    (  )    (  ), with 

the angular frequencies         . There are nonetheless technical procedures 

to achieve phase matching (PM), such as the application of:  

 
Fig. 5-2 Left: Calculated phase mismatch factor      (

   

 
) as a function of the 

phase mismatch and/or the interaction length. Right: The generated field intensity 

behavior with penetration length inside a nonlinear medium in the case of perfect 

BPM (black), out of phase BPM (red), and QPM (blue).   
 

 Anomalous dispersion near the absorption levels of a material where the 

refractive index decreases with frequency.  

 Birefringence where the difference of the ordinary (o) and extraordinary 

(e) index of refraction of a crystal is used to compensate for the 

dispersion. Due to birefringence of some crystal classes the refractive 

index of the two polarization components of a passing beam are different 

and can be used for so called birefringent phase-matching (BPM). In this 

case the sum of the phase velocities of the fundamental waves is adjusted 

via the refractive indexes in a way to equal the generated group velocity. 

Two types of BMP can be distinguished in uniaxial crystals[12,14]:  
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Table 5-2 illustrates the relationship between the polarization directions 

of the incident and generated waves. For type I birefringent 

phase-matching the wave polarization of the incident beams is in the same 

direction, whereas for type II perpendicular to each other. Besides that, 

BPM can be achieved in different ways by: a) Critical or angle 

phase-matching [18] [17]; b) Noncritical, temperature or 90⁰ 

phase-matching; c) non-colinear phase-matching [19]. 

 Quasi phase-matching (QPM) is the method of choice in this project. 

QPM is a method of extending the nonlinear interaction length by 

compensation of the accumulated phase mismatch inside the non-linear 

medium via a periodic succession of antiparallel oriented crystal 

directions (effective nonlinear coupling coefficient,     ) with 

thicknesses equal to the     . It was first suggested by Armstong et al. in 

1962 [20].  

Type of 

PM 

Polarization 

relation 
PM condition Type of uniaxial crystal 

Type I ooe   
      

      
    negative (     ) 

 eeo   
      

      
    positive (     ) 

Type II oeo   
      

      
    negative (     ) 

 eoe   
      

      
    positive (     ) 

Table 5-2 Types of phase matching condition for uniaxial crystals together with the 

relation of the contributing beam polarization directions required to meet these 

conditions.   

 

In contrast to BPM, where the polarization of the interacting beams and the 

birefringence behaviour are critical conditions, this is not a requirement for QPM. 

Furthermore, wavelength interactions impossible for BPM become accessible. QPM 

is also not restricted to birefringent materials. Noncritical phase-matching for all 

interactions is possible, e.g. where all three waves are polarized in the same 

direction, hence allowing access to the     nonlinear coefficient. The     nonlinear 

coefficient is usually the largest accessible coefficient and can be much larger than 

the highest accessible BPM nonlinear coefficient [21] for a specific material.  



Chapter 5: Intra-cavity sum frequency generation of 593 nm light 
 

174 | P a g e  

The periodic inversion of the effective nonlinear coefficient      used for QPM 

introduces a further wave vector into equation [5-11], the phase momentum 

mismatch. 

                
    

 
 Equation [5-16] 

   

In this form   stands for an integer multiple of      and thus of the required poling 

period for phase-matching, where        .   

            
    

        
 Equation [5-17] 

   

For optimum conversion efficiency,    . Poling periods with a higher order of 

twice      also meet the phase-matching criteria, but the efficiency decreases with 

any increase in poling-order. Further development of the poling processes made 

structures with aperiodic and chirped [22], fan-out [23] and multi-sectioned 

(channelled) poling possible as can be seen schematically in Fig. 5-3. Especially 

chirped, fan-out and aperiodically poled crystals are used not only for frequency 

generation and tuning purposes but also in ultra-fast laser applications for beam 

reshaping etc.  

 
Fig. 5-3 Different types of quasi phase-matching. From top to bottom, homogeneous 

single crystal, periodically poled crystal with poling period , multi-section crystal 

with differently poled channels, fan-out poling and chirped/aperiodic poled crystal. 
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As equation [5-7] implies, all interactions (SHG, SFG, DFG and OR) are permitted 

by the second-order susceptibility at the same time. Practically, only one of the 

frequency dependent effects is present as the phase-matching condition, required for 

an efficient conversion, is usually met only for a single case. Thus the crystal 

properties have to be carefully designed for a specific purpose.   

 

5.2 Nonlinear crystals 

 

Reviewing the literature on the use of nonlinear crystals for intra-cavity SHG inside 

VECSEL cavities revealed a variety of different materials, even for the generation of 

the same wavelength, as can be found in [24] and shown in Table 5-3 In most cases, 

Lithium Triborate (LBO) or β-Barium Borate (BBO) are used. The reason for this 

might be found in the large acceptance bandwidth around room temperature and the 

high damage threshold of these two crystals. The larger effective conversion 

efficiencies of periodically-poled Lithium Niobate (ppLN), periodically-poled 

Potassium Titanyl Phosphate (ppKTP) and Potassium Niobate (KNbO) were possibly 

the criteria of choice for the other groups. The choice of crystal is not always 

straightforward and one has to decide on the basis of the specific application. In 

general, BPM crystals can be produced with larger dimensions, and thus larger 

apertures compared to QPM crystals. With respect to power scaling, this enables 

BPM crystals with high damage threshold to be used in high power applications. 

QPM crystals in this respect are restricted to apertures of 1-2 mm due to limitations 

of their poling process. On the other hand QPM enables the exploitation of the 

highest nonlinear coefficient (NLC), the     direction. Other important 

considerations are the thermal, angular and spectral acceptance bandwidths, i.e. 

whether the nonlinear crystal has to be temperature controlled or whether 

phase-matching is very sensitive towards mechanical misalignments. 

In this work, a Brewster-cut periodically-poled potassium titanyl phosphate 

(ppKTiOPO3 or ppKTP) crystal was used for quasi-phase-matched sum frequency 

mixing of a single passing 1342 nm beam and a resonant 1064 nm beam within the 
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VECSEL cavity. The crystal length was 10 mm and fabricated for first order QPM 

with a poling period of 12.65 μm. This crystal allowed the utilization of the large     

nonlinear coefficient for efficient noncritical phase matching, with all contributing 

waves being polarized in the same direction. This in turn allowed the use of a 

Brewster-cut crystal, cut for the resonant wavelength so that AR coatings were not 

required. While 1064 nm is an almost arbitrary wavelength within the tuning range 

of the VECSEL, the crystal was already available having been used for previous 

work done by our collaborators at DTU for the generation of 593 nm coherent light 

via mixing of a resonant 1342 nm field and a single passing 1064 nm beam, both 

from diode-pumped Nd:YVO4 lasers [25].  

Crystal 
Transparency 

range (nm) 

Damage 

threshold 

(MW/cm
2
) 

highest 

NLC 

(pm/V) 

Operation 

mode 

Phase 

matching 
Remarks 

BBO 

[9,26,27] 
190-3500 NA 

d31=±2.22 

d32=±0.16 
M-H, USP Type I, II 

55⁰C thermal 

ABW 

BiBO 

[7,28] 
286-2500 >300 

d11=2.53 

d25=2.8 

M-H  
Broad thermal 

ABW 

KNbO 

[29] 
400-4500 350 

d31=-15.8 

d32=-18.3 
L-M 

Type I, 

NCPM 

Narrow thermal 

ABW 

Tuning: -40 to 

180⁰C 

ppKTP 350-4500 >500 
d32=±3.9 

d33=±16.9 
L-M, cw QPM 

Broad angular & 

thermal ABW 

LBO 

[30-32] 
160-2600 >1000 

d31=1.09 

d32=1.17 
H, cw & P 

Type I, 

II, 

NCPM 

Broad angular 

ABW small 

walk-off angle 

ppLN 

[33] 
420-5200 100 

d31=-4.52 

d33=31.5 
L-M QPM 

Broad, tunable 

PM 

Table 5-3 Selection of some non-linear crystals used in VECSEL devices for 

up-conversion from the NIR to near-UV and VIS range. BBO – -Barium Borate, 

BiBO – Bismuth Triborate, KNbO – Potassium Niobate, KTP – Potassium Titanyl 

Phosphate, LBO – Lithium Triborate, LN – Lithium Niobate, NLC – non-linear 

coefficient; L, M, H – low, middle, high power range respectively, cw – continuous 

wave, P – pulsed, USP – ultra short pulses, NCPM – non-critical phase matching, 

ABW – acceptance bandwidth.This information is taken from manufacturer crystal 

data sheets [34,35]. 
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5.3 Experimental arrangement 

 

Fig. 5-4 shows a schematic of the experimental arrangement, which is divided into 

the 1064 nm InGaAs QW-based VECSEL cavity and the Nd:YVO4 solid-state laser 

cavity with the beam redirection and focussing arrangement.  

 
Fig. 5-4 Schematic layout of the experimental setup for the generation of 593 nm 

light by sum frequency mixing. The PPKTP crystal is positioned inside the 

VECSEL cavity with a resonating field at 1064 nm. A single passing beam from a 

Nd:YVO4 laser with a wavelength of 1342 nm is focussed into the nonlinear crystal. 

LD – Laser diode, BAL – broad area laser diode, PBC – polarising beam splitter 

cube, HR – high reflector, EM – end mirror, FMi – folding mirrors, Lyot – three 

plate birefringent filter, Li – lengths of the different VECSEL cavity arms. 

 

The QW-based VECSEL gain structure was designed and optimized for high output 

power at an emission wavelength around 1060 nm. It was grown in a low pressure 

(100 mbar) horizontal flow Metal-Organic Chemical Vapour Deposition (MOCVD) 

reactor on top of a (001) GaAs substrate. A DBR, consisting of 35 periods of λ/4 

thick Al0.2Ga0.8As/AlAs pairs was grown on top of the substrate, followed by an 8-λ 

thick resonant subcavity with 15 single quantum wells (QWs) placed for resonant 
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periodic gain (RPG) at the electric field antinodes. The 7-nm-thick In0.28Ga0.72As 

QWs were compressively strained; a layer pair of GaAs0.9P0.1 and GaAs was 

introduced between the QW layers, where the first acted as strain compensation and 

the latter as a pump absorbing layer. The active region was completed by an 

Al0.3Ga0.7As window layer for carrier confinement and a 10 nm thick anti-oxidation 

GaAs capping layer. The growth temperature varied between 600-750⁰C, depending 

on the composition [36]. This structure was chosen for the sum frequency mixing 

experiment because the emission wavelength range allowed phase-matching for the 

available PPKTP crystal. This VECSEL gain structure, had previously been used to 

demonstrate second harmonic generation (SHG) to the green [8,37,38]. 

The VECSEL was pumped by an 808 nm fibre-coupled diode laser from LIMO with 

a maximum output power of up to 50 W. The pump beam was focused down to a 

spot size of         onto the VECSEL. A four mirror Z-shaped laser cavity was 

set up, which was able to accommodate a BRF and the non-linear crystal. Therefore 

two folding mirrors (FM1,2) and one end mirror (EM), all HR coated at 1060 nm and 

with 100 mm radius of curvature, were placed at distances L1 = 53 mm, 

L2 = 457 mm and L3 = 156 mm outgoing from the VECSEL-FM1, FM1-FM2 and 

FM2-EM respectively, with the VECSEL structure itself acting as a plain end mirror. 

This cavity setup matches the intracavity mode size to the pump spot at the VECSEL 

gain structure and creates a beam waist in the third cavity arm L3, where the 

nonlinear crystal is placed and where the calculated beam waist size inside the crystal 

is          and          in the horizontal and vertical direction respectively. 

The second cavity arm L2 accommodated the BRF for wavelength selective tuning 

and spectral narrowing as the free running emission spectrum was broader than 4 nm 

(see Fig. 5-5), very broad compared to the PPKTPs acceptance bandwidth of 0.25 nm 

for the 1064 nm beam. This is important, as the conversion efficiency depends 

strongly on the spectral width of the passing fundamental beams. Four different 

quartz BRFs with thicknesses 2, 4, 6 mm and a three plate Lyot filter were used for 

wavelength tuning in order to determine the optimum spectral filtering. The Lyot 

filter consisted of a succession of 1-, 2- and 4-mm-thick birefringent plates. In this 

configuration the thickest plate defines the peak/spectral width and the thinnest 



Chapter 5: Intra-cavity sum frequency generation of 593 nm light 
 

179 | P a g e  

defines the free spectral range [39]. The laser allowed a tuning range of more than 

30 nm around a centre wavelength of 1055 nm. For thermal management, a 500-μm 

thick diamond heatspreader was liquid capillary [40] bonded to the intra-cavity 

surface of the otherwise unprocessed VECSEL structure, which was mounted in a 

water/glycol cooled brass mount kept at 0 ⁰C.  

 
Fig. 5-5 Free running laser emission spectrum for the VECSEL, centred a 

1061.5 nm and over 4 nm wide. The separation between the fringes  = 0.43 nm is 

caused by the etalon effect of the 500 mm thick diamond heatspreader.  

 

The 8 mm long a-cut 1342 nm Nd:YVO4 laser crystal (0.5 atm% Nd-doped) was 

pumped by an 808 nm 4 W broad area laser (BAL) diode. The laser resonator 

consisted of a 2 % output coupling (OC) mirror of 200 mm radius of curvature and 

the plane end facet of the laser crystal, which was coated for high reflection (HR) at 

1342 nm and high transmission (HT) at 808 nm. The laser crystal was pumped 

through this facet. An anti-reflective coating at the generated laser wavelength was 

applied to the intra-cavity surface of the crystal. An etalon glass plate was used for 

spectral narrowing and emission wavelength adjustment, see Fig. 5-9. In order to 

couple the 1342 nm beam co-axially to the 1064 nm circulating VECSEL beam into 

the periodically poled Potassium Titanyl Phosphate (PPKTP) crystal, the light had to 

be redirected via two HR plane steering mirrors and enter the VECSEL cavity 
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through the second folding mirror (FM2) with a transmission coefficient of 

    (       )       . A lens with a focal length (FL) of              and a 

measured transmission coefficient of    (       )        was used to focus the 

beam into the crystal. In order to keep the thermal load of the Nd:YVO4 crystal 

constant for stability reasons, the pump power was unchanged and the output power 

varied extra-cavity via a   ⁄ -retarder plate and a polarising beamsplitter cube (PBC).  

The PPKTP crystal was placed at the beam waist in the third VECSEL cavity arm 

L3, for efficient generation of 593 nm light. The poling-period was 12.65 μm for first 

order quasi-phase-matched sum frequency generation of a circulating 1064 and 

single passing 1342 nm beam. The Brewster cut crystal had a length of 10 mm and 

was temperature controlled to 42 ⁰C in order to meet the phase-matching condition. 

The calculated temperature acceptance bandwidth of the nonlinear crystal was 

            ⁰  for a spectral width                        of the 1064 nm 

beam and                       of the 1342 nm beam [41]. These conditions 

were met during the experiment, as will be discussed later. The generated light was 

coupled out though the curved end mirror (EM), which had a measured transmission 

coefficient of    (      )       .  

 

5.4 Optimisation and results 

 

As a first means of characterizing the InGaAs VECSEL the output power leakage 

through the high reflecting curved mirrors was determined, which allowed an 

estimation of the intra-cavity power. A plane mirror with 2 % OC was paced between 

FM1 and FM2. This created a three mirror V-shaped cavity and allowed the output 

coupling of high power at the wavelength of interest in order to determine the 

transmission coefficient of the used mirrors. The output power was measured 

simultaneously at the HR FM1 and at the plane end mirror. Plane mirrors coated for 

1 %, 2 % output coupling were placed consecutively between the 2 % output 

coupling plain end mirror and the power meter and the transmitted power was 
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detected accordingly. Average transmission coefficients of               and 

              where measured. Using these mirrors as output couplers and 

detecting the power through FM1 revealed a transmission of             

according to the small output coupling approximation [42] in equation [5-18]. It was 

assumed that all curved HR mirrors had the same transmission as they were coated in 

the same batch.  

          
        

       
     Equation [5-18] 

   

With          and         being the measured power leaking through and          

and     the transmission coefficients of the FM1 and the plane output coupling 

mirror. After these measurements the four mirror Z-shaped cavity was restored. The 

emission spectrum of the free running laser can be seen in Fig. 5-5. It is centred at 

1061.5 nm with a total width of more than 4 nm having distinct peaks in the 

spectrum with an average separation of around             , caused by the etalon 

effect of the 500 μm thick intra-cavity diamond heatspreader. Power transfer and 

wavelength tuning curves were taken in the four mirror Z-cavity, described above for 

different output couplers (OC) with different birefringent filters (BRF) placed at 

Brewster’s angle (       ⁰) into the second cavity arm, L2. The measurements for 

3 % OC are given in Fig. 5-6. As can be seen from the figure, the laser behaves 

similarly for the different BRFs in terms of pump threshold and differential 

efficiency. The optimum output coupling coefficient of 3 % was determined for a 

three mirror V-cavity with a plane end mirror of either HR, 1%, 2% 3% and 5% 

transmission. The pump power of the 808 nm fibre coupled diode laser was set to 

16 A, which corresponded to 13 W effective pump power absorbed in the VECSEL 

structure and was chosen according to the maximum output power achieved for the 

use of the Lyot filter, as can be seen in Fig. 5-6 a). 

The tuning ranges for 3% OC for the different BRFs and pumped by a constant 

power of 13 W can be seen in Fig. 5-6 b). Broad wavelength tuning was 

demonstrated in a range between 1040-1070 nm. The 4 mm BRF shows superior 

output powers in this case. The restricted rotation range of the Lyot filter is evident 
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in this figure, where the filter mount didn’t permit for further tuning below 1046 nm. 

This didn’t prevent the use of this filter, as the wavelength of interest was 1064 nm.  

 
Fig. 5-6 a) Power transfer curves for different quartz BRF  thicknesses placed inside 

a four mirror Z-shaped cavity with 3 % OC and without PPKTP crystal. b) Tuning 

ranges for different BRF thicknesses for a constant pump power of 13 W. The 

tuning range of the Lyot–filter is limited by the rotation mount. (BRF thickness = 

2mm black squares, 4 mm red circles, 6 mm blue triangles, Lyot green diamonds).  

 

A further study of the spectral narrowing and free spectral range of the different 

BRFs was also carried out.  Fig. 5-7 shows the different emission spectra of the 

VECSEL for a) 2 mm, b) 4 mm, c) 6mm and d) Lyot BRF. From the detected 

number of diamond fringes it becomes clear that the spectral width decreases with 

increasing filter thickness. Narrow single peak spectra were obtained only for the 

6 mm thick BRF and the Lyot filter, having a full width at half maximum (FWHM) 

of around 0.07 nm, which corresponds to the width of one single diamond fringe. 

The free spectral ranges of the different filters were calculated according to the 

following approximation for an angle of incidence close to Brewsters’ angle [43]:  

       
  

       
   Equation [5-19] 

   

               and      is the thickness of the BRF. For quartz, 

             and              [44]. The estimated FSR of the BRFs are listed 

in Table 5-4 and compared with the measured values, shown in Fig. 5-8. 
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Fig. 5-7 Laser emission spectra with the use of a BRF filter, a) 2 mm, b) 4 mm, 

c) 6 mm and d) Lyot filter. The spectral width becomes smaller with increasing BRF 

thickness. The emission spectra are similar for the 6mm and the Lyot filter, only 

difference is in the FWHM being narrower for the Lyot filter. 

 

 

BRF thickness 

     (  ) 

Calculated BRF free 

spectral range 

     (  ) 

Measured BRF 

free spectral range 

     (  ) 
2 64 - 

4 32 31.5 ± 0.4 

6 21 17.3 ± 0.4 

Lyot 130 - 

Table 5-4 Free spectral range of the different quartz birefringent filters of 

thicknesses 2, 4, 6 mm and the Lyot filter (three-plate BRF).  

 

The estimated FSR of the 2 mm thick BRF is 64 nm, much broader than the 

VECSEL gain bandwidth and thus could not be measured. Likewise the Lyot filter, 

as the FSR is defined by the thinnest plate (1 mm) and was calculated to be around 

130 nm. The measured FSR of the 4-mm-thick BRF is similar to the VECSEL’s gain 

bandwidth/tuning range but showed a broad emission spectrum, which would 

minimize the conversion efficiency of the VECSEL. Despite the good spectral 
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narrowing performance of the 6 mm thick BRF it had a measured free spectral range 

(FSR) of only 17.3 nm. This was considerably lower than the broad gain bandwidth 

(> 30 nm) of the VECSEL and enabled the laser to bypass the increased conversion 

losses after introduction of the nonlinear crystal by shifting its emission wavelength 

to a non-phase-matched condition. The three plate Lyot filter was therefore chosen 

for wavelength selection and spectral narrowing.  

 
Fig. 5-8 Free spectral range of different BRFs with thicknesses 4 mm (red) and 

6 mm (blue). 

 

Measurement of the beam propagation factor (M
2
) was not performed due to time 

constraints. Near diffraction limited beam qualities are easily achieved by these 

lasers via the matching of the intra-cavity mode to the pump spot size. Observation 

of the mode shape by help of IR detector cards confirmed circular beams throughout 

the experiment. 

The diode pumped Nd:YVO4 laser was characterized in terms of output power, 

differential efficiency, tuning range, polarization and beam propagation factor. A 

power transfer curve for pump powers up to 4 W, delivered by an 808 nm BAL diode 

is presented in Fig. 5-9 a). The differential efficiency was close to        with a 

maximum output power of              . Rollover at elevated pump powers is 
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caused by thermal lensing in the laser crystal [45]. The red solid curve in Fig. 5-9 b) 

displays the free running emission spectrum, whereas the other peaks depict tuning 

spectra achieved with the introduction of a 0.3-mm-thick glass etalon into the DPSL 

laser cavity, narrowing the peak width to less than       . A total tuning range of 

       was achieved by tilting the etalon. The 1342 nm output beam had beam 

propagation factors of   
        and   

        for the horizontal and vertical 

direction respectively as seen in Fig. 5-10 left. About 20 % of the output power was 

lost during redirection and focussing for focal and collinear mode matching of the 

two fundamental fields inside the PPKTP crystal, via two plane HR steering mirrors, 

the focusing lens and the VECSEL cavity folding mirror FM2. This set an upper 

limit to the input power of               .  

 
Fig. 5-9 a) Power transfer curve for the 1342 nm solid-state Nd:YVO4 laser showing 

a slope efficiency of        and a maximum output power of             . 

b) Free running laser emission spectrum (red) and tuning spectra (colour) of the 

Nd:YVO4 laser. The total tuning range is 2.5 nm. 

 

The estimated focus size in the nonlinear crystal of the VECSEL intra-cavity beam in 

the horizontal and vertical plane were       
                and       

               

respectively. This was set by the chosen cavity arrangement and equipment i.e. the 

radius of curvature of the cavity mirrors and the minimum cavity arm length required 

to accommodate the intracavity optics and mounts. The ellipticity of the focus in the 

nonlinear crystal is due to the use of the Brewster cut crystal. Calculations of 

optimum beam waist sizes, based on the Boyd-Kleinman factor for sum frequency 

generation were done by Martin T. Andersen [21] and are presented in Table 5-5. 

These values would be required for high conversion efficiency, e.g. in case of single 
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passing fundamental beams, because the generated power is indirectly proportional 

to the fundamental mode sizes (equation [5-14]) inside the non-linear crystal. 

However, in this case, as the non-linear conversion process occurs inside the 

VECSEL cavity, which has an optimum output coupling of around 3%, such tight 

focusing is not necessarily optimal. Other possible cavity designs to reduce the focus 

sizes were not tested because of the time constraints of this project. The focal length 

of FL was chosen to match the focus of the single passing 1342 nm beam as close as 

possible to the intra-cavity beam waist dimensions.  

 
Fig. 5-10 Left: Beam profile of the 1342 nm diode pumped Nd:YVO4 laser 

measured at the nonlinear crystal position inside the VECSEL cavity. Right: Beam 

profile of the generated 593 nm beam, measured after the curved end mirror of the 

VECSEL cavity.  

 

 1064 nm beam waist 1342 nm beam waist  

  
                  

                

  
                  

                

Table 5-5 Theoretically calculated optimum beam waist sizes according to Boyd-

Kleinman factor for SFG for both fundamental beams. Calculated by M. T. 

Andersen in [45]    

 

The generated 593 nm light was examined in terms of output power, polarization, 

beam quality factor and wavelength tuning. A temperature scan of the nonlinear 

crystal was performed between 23-52 ⁰C to determine the thermal acceptance 

bandwidth and the optimum operation temperature. Phase-matching condition was 

established at 42 ⁰C for the two fundamental IR beams with wavelengths of 

                  and                    , where the Lyot filter was used to 

match the VECSEL emission wavelength to a pre-set DPSL wavelength. The  
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Fig. 5-11 Thermal acceptance bandwidth of the PPKTP crystal. Maximum 

conversion efficiency is reached at 42 ⁰C (measured: black squares, theory: black 

dashed line). The circulating VECSEL intra-cavity field (red triangles) drops with 

the increasing conversion efficiency as output coupling losses increase. 

 

theoretical plot (Fig. 5-11, dashed line) shows the acceptance bandwidth curve of the 

PPKTP crystal for a poling period of 12.65 μm [45,46] and reveals a FWHM of 

            ⁰ . It was calculated by the use of equation [5-15] for the power 

generation of the SFG beam under the consideration of the phase-momentum 

mismatch (equation [5-16], see also Fig. 5-2). The wave-vectors are dependent on the 

refractive index changes with temperature and are described by Sellmeier equations. 

The graph also shows the intra-cavity field power and its dependence on the 

conversion efficiency. A maximum output power of                 was 

measured at the phase-matching point for an intra-cavity power of                

and single pass power                 . The beam propagation factors of the 

generated 593 nm light was measured after passing through the EM and had values 

of   
        and   

        for the horizontal and vertical plane respectively, Fig. 

5-10 right. Fig. 5-12 shows the transmission of a cube polariser as it is rotated in the 

output beam. The extinction ratio of the polariser is 1/1000. The measurement 

revealed p-polarised ratios of 1/64, 1/1550 and 1/3300 for the 1064, 1342 and 
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593 nm beam respectively. The VECSEL gain is unpolarised due to the surface 

normal emission format; however, intra-cavity Brewster plates and the angled cavity 

arrangement enforce polarised emission in the horizontal plane (p-polarisation). 

Despite these polarising elements it is thought that a non-optimal alignment and the 

possible birefringence of the natural intra-cavity diamond heatspreader [47] caused 

the much smaller polarisation ratio of the VECSEL beam compared to the DPSL 

laser. Improvement of the VECSEL p-polarisation ratio would increase the efficiency 

of the conversion process, as every field component of the intra-cavity beam not 

polarised in this direction can not contribute to the mixing process. As can be seen in 

Fig. 5-12 the polarisation orientation of all three beams is identical, as can only be 

the case for quasi-phase-matching (QPM) as opposed to BPM.  

 
Fig. 5-12 Transmission of a cube polariser as it is rotated in the output beams. The 

incident 1342 nm beam from the DPSL showing a polarisation ratio of 1/1550 

(wine), the circulating 1064 nm beam of the VECSEL has a relatively poor 

polarisation ratio of 1/64 (red) and the generated 593 nm beam a ratio of 1/3300 

(green).  

 

A conversion efficiency of 17 % with respect to the single passing 1342 nm beam 

was achieved, see Fig. 5-13. The linearity of the generated power with respect to the 

single passing beam is also maintained at very low input power, a behaviour 

explained by equation [5-15]. This is different to the parabolic behaviour in case of 
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SHG. The depletion of the VECSEL intra-cavity field was also measured versus the 

single passing beam during the sum frequency generation process. As discussed 

before, a VECSEL is a low gain structure and tolerates output coupling losses of only 

few per cent. The maximum output power increases with increasing output coupling 

for a constant pump power until it peaks at a maximum value. This point marks the 

optimum output coupling, for higher output coupling output power decreases [48]. 

The fact that the power transfer curve of the generated field is well described by a 

straight line, even at high pump power, is a good indication that the output coupling 

of the VECSEL due to the non-linear conversion is still much lower than the 

optimum value. A different VECSEL cavity arrangement, allowing for a tighter 

focus of the fundamental beams would increase the conversion efficiency in this 

case, leading to higher output powers.  

 
Fig. 5-13 Power transfer curve for 593 nm light generation in as a function of the 

single passing 1342 nm DPSL power (black squares). Circulating 1064 nm 

intra-cavity power recorded simultaneously (red dots). 

 

In order to determine the wavelength tunability of the setup, the wavelength of the 

DPSL was fixed and the VECSEL wavelength tuned. This procedure was repeated 
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for crystal temperatures of 18, 43 and 52 ⁰C. No significant tuning of the generated 

593 nm beam was observed. A simulation of the phase matching conditions for the 

two fundamental beams with regard to the specific crystal parameters was created by 

Martin T. Andersen [45] in order to investigate the prospects for tuning. The 

programme calculated the specific phase-matching conditions, under consideration of 

parameters such as:  

 the crystal’s temperature dependent Sellmeier equations 

 poling period  

 wavelengths of the generated and single passing beams.  

 
Fig. 5-14 Calculated phase-matching diagram for the PPKTP crystal. The range of 

the x- and y-axis was chosen to be the tuning range of the two lasers respectively. 

Coloured crosses and full circles depict calculated and measured phase-matching 

conditions respectively. The coloured dash-dotted lines are lines of constant 

generated wavelength (iso-wavelength). 

 

The calculated and measured phase-matching conditions for the DPSL and VECSEL 

wavelength at the previously mentioned nonlinear crystal temperatures are shown by 

coloured crosses and full circles respectively in Fig. 5-14, where the measured values 

are very accurately described by the theory. The tuning ranges of the two laser beams 
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are illustrated by the x- and y-axis for the VECSEL and the DPSL respectively. The 

limited tunability becomes clear when the phase-matching conditions (coloured 

crosses) are compared to the progression of the iso-wavelength lines (lines describing 

the sum frequency generation of constant wavelength by the variation of the two 

incident fundamental wavelengths, as described in equation [5-1]). The gradients of 

these lines are very similar and hence explain why an adequate wavelength tuning of 

the generated light could not be achieved by the use of this crystal. A total thermal 

tuning rate of     ⁄           ⁄  was measured in the range of 18-52 ⁰C. In 

order to make use of the whole VECSEL tuning range, an inpractical temperature 

tuning over 250 ⁰C would be necessary for the present PPKTP crystal. Nonlinear 

crystals with different dispersion coefficients might allow broader wavelength 

tuning. Nonlinear crystals with a multi-section and fan-out poling could also be used 

although at the expense of mechanical alignment. Chirped and aperiodical poling 

could lead to wavelength tuning without mechanical and thermal adjustments at the 

expense of conversion efficiency.  

 

5.5 Conclusion 

 

In conclusion 136 mW coherent yellow-orange light at 593 nm was generated via 

sum frequency mixing of a single passing 1342 nm beam from a Nd:YVO4 laser and 

the high power multi-Watt resonating intra-cavity field of VECSEL with an emission 

wavelength around 1064 nm. The nonlinear crystal was a 10 mm long Brewster cut 

periodically poled KTP crystal, for first order sum frequency generation. A total 

conversion efficiency of 17% could be achieved with respect to the single passing 

DPSL beam. The setup could be further optimized in terms of VECSEL beam waist 

size inside the nonlinear crystal and the minimisation of reflection losses at the many 

intra-cavity surfaces and mirrors/lenses with the right coatings for all the contributing 

wavelengths. Despite the broad tuning range of the VECSEL of over 30 nm, direct 

phase-matched tuning by variation of the two fundamental wavelengths and crystal 

temperature was not possible, mainly due to the intrinsic properties of the PPKTP 
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crystal. Nevertheless, tunable light generation in the visible region still remains 

interesting for many applications in biophotonic sensing and for medical applications 

and the nonlinear wave mixing is a promising way in achieving this. Tuning could be 

possible by the use of nonlinear crystals with different dispersion relations and 

thermal acceptance bandwidths. The use of periodically poled crystals with a 

chirped, fan-out or multi-sectioned poling is also possible although under the 

expense of mechanical movement or decreased efficiencies.  
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6 General summary and future perspective 

This thesis describes the first VECSELs to have QD active regions. The generic 

VECSEL design concept was introduced in the second chapter. First designs and 

characterisation measurements of QD based VECSEL structures where demonstrated 

and discussed in the third and fourth chapter of this work for InAs/GaAs SML QDs 

and InP/GaInP dot-in-a-well respectively. Non-linear sum frequency conversion of a 

resonating intra-cavity field of a near infra-red QW VECSEL, in combination with a 

single passing infra-red beam from a solid state laser was presented and discussed in 

Chapter 5. Here, a very brief general summary of the previous chapters is given 

together with a perspective of what the future may hold in stock for this laser 

concept, both for QD and QW based structures.  

 

6.1 InAs QD VECSELs 

 

Chapter 3: Collaboration in the project for the demonstration of laser emission from 

an InAs/GaAs based QD VECSEL structure for emission around 1030 nm [1]. 

Output powers up to 0.5 W were achieved with a differential efficiency of 17 %. The 

structure was designed to have a resonant subcavity and with an offset between the 

peak QD ensemble PL emission and RPG wavelength. This was done to insure a low 

pump threshold power for the first demonstration of laser emission, but is believed to 

have introduced a stronger thermal sensitivity with respect to an anti-resonant 

structure design. Fast structure degradation could be associated to a growth related 

increased carbon dopant concentration, of the Al containing layers due to the used 
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alternative precursors for the fabrication of the DBR; causing higher absorption 

especially in these regions and leading to permanent damage due to heating. The first 

designs had a non-uniform QD layer distribution, following the exponentially 

declining pump field. They were designed to be resonant at the emission wavelength 

and the total number of gain layers was limited not only by the total absorption 

length of the pump absorbing barriers, but also by the available spacer layer 

thickness.   

All published QD samples, including the work herein show a high sensitivity towards 

any cavity loss. This was revealed in Chapter 3 for InAs/GaAs based QD VECSELs, 

having an optimum output coupling coefficient of 0.8 % and in Chapter 4 in case of 

InP QD based VECSELs, tolerating a maximum output coupling of 0.2 %. This is an 

indication for the relatively low modal gain, defined by the dot density per gain layer 

and the size distribution of the dot ensemble. This circumstance explains the trend to 

integrate as many QD-layers as possible inside the VECSEL active region. In short, 

the higher modal gain value delivered by a larger number of QD-layers is more 

favourable under the expense of a decreased RPG enhancement and increased pump 

threshold powers. The very promising results of the first InAs/GaAs SML QD 

VECSELs discussed in the present thesis were grown in 2007 and from a very early 

stage in the QD VECSEL development. Huge improvements have been achieved up-

to-date in terms of maximum modal gain with the implementation of a large number 

of gain layers inside the subcavity. This was made possible, especially due to a 

drastic reduction of the spacer layer thickness, separating the gain layers from each 

other, but also by a uniform dot layer distribution. Anti-resonant subcavity designs 

are thought to allow the fabrication of more temperature stable devices, enabled by 

the very broad and flat gain spectrum at high excitation levels [2]. The wavelength 

coverage increased in comparison to QW devices and covers now a range from 0.95 

to over 1.3 μm. Multi Watt output power almost across the whole region was 

demonstrated by several different groups. They offer especially above 1.2 μm the 

real opportunity towards a convenient replacement for dilute nitride GaInNAs 

quantum well based structures. Recent work concerning the harmonic generation also 

show their potential for single semiconductor compound based high brightness red-
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green-blue emitting devices [3], i.e. for displays. Best results in the InAs/GaAs 

material system have been achieved with the so called submonolayer QD growth 

concept, where alternating submonolayer InAs and GaAs layers are grown on top of 

each other, allowing the fabrication of defect free gain layers with a high dot density. 

InAs/GaAs QDs were already a well-established gain material for the use in edge 

emitting devices and VCSEL structures, which explains the very steep improvement 

rate in terms of QD VECSELs.  

 

6.2 InP QD VECSELs 

 

Chapter 4: Structure design, characterisation and successful demonstration of laser 

emission around 730 nm from the first InP/AlGaInP based QD VECSEL device [4]. 

Laser emission in the range between 716-752 nm was demonstrated with a maximum 

output power over 50 mW and a differential efficiency of > 5 % for 0.2 % output 

coupling. A high finesse cavity permitted wavelength tuning over a range of more 

than 25 nm with maximum output powers of 0.5 mW and near diffraction limited 

output beam, having a propagation factor         .   

Although edge emitting devices were reported prior to the start of this project in a 

range from 650-740 nm no experience was made with the implementation of these 

QDs inside a surface emitting laser. The VECSEL results for InP QDs covered by 

GayIn1-yP QWs demonstrated emission wavelengths above 700 nm with broad tuning 

range (> 25 nm). This range is considerably wider than the 16 nm demonstrated by 

compressively strained GayIn1-yP QWs and is defined by the broader gain bandwidth 

of the InP QD ensemble. Microscopic characterisation discussed in Chapter 3 also 

revealed a high density of defects, originating in non-coherently strained QDs, 

degrading the growth quality and introducing a very rough interface and surface 

morphology. This is detrimental in three ways. Firstly, the high defect density 

decreases the overall efficiency by acting as non-radiative recombination centres and 

carrier traps. Secondly, threading dislocations also affect the growth quality and 

interface smoothness, having possibly an effect on the carefully placed resonances 
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and cause increased scattering losses. The third drawback is the rough surface itself. 

Thermal management requires optical contacting of a transparent crystalline 

heatspreader onto the surface, especially for small pump/cavity mode sizes [5]. This 

was in most of the cases impossible; only a few samples permitted bonding for a 

limited time. It was also difficult to match the QD ensemble peak emission to the 

cavity resonance, which set a limit to the maximum achievable output and increased 

also the pump threshold power. Further development on the growth processes might 

lead to defect free QDs, where the peak gain is well matched to the resonances. It is 

expected that laser performance will improve in that case [4,6].  

 

6.3 Singly-resonant SFG inside a InGaAs QW VECSEL 

 

Chapter 5: Collaboration in a pump prime project utilising the intra-cavity field of a 

QW based VECSEL together with a single passing solid-state laser beam for the sum 

frequency generation of orange-yellow light [7]. A maximum output power of 

136 mW at 593 nm was achieved with a total conversion efficiency of 17 % with 

respect to the single passing beam. The results indicate that the setup would allow 

further improvement by application of a tighter focus within the non-linear crystal 

but also by improvement of the polarisation ratio of the intra-cavity field.  

The sum frequency mixing project illustrated again the potential of this laser type 

towards intra-cavity non-linear frequency conversion [7], after second harmonic 

generation and optical parametric oscillation. The presented results of 136 mW 

coherent light emission with a conversion coefficient of 17 % with respect to the 

single passing solid state beam are very encouraging. The detected power transfer 

curve suggested that there was room for improvement of the experimental 

arrangement to achieve optimised conversion. Polarization measurements of the 

fundamental and generated beams also indicated a poorer polarization ratio of the 

intra-cavity VECSEL beam, which might be caused by the large number of possibly 

not optimally aligned intra-cavity elements. Further optimisation of the cavity and 

the use of more suitable mirrors in terms of transmission and reflection are only two 
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other points for improvement, which could not be addressed due to the short duration 

of this pump prime project.  

Wavelength flexible, high intra-cavity fields in combination with good beam quality, 

short carrier lifetimes and single mode emission are desirable features for stable, low 

noise non-linear conversion. High conversion efficiencies are not required within the 

intra-cavity set-up, because the pump is recycled as it passes the non-linear crystal 

with each round trip. The output coupling losses due to the nonlinear conversion can 

be adjusted via the focus size(s) inside the non-linear crystal (external cavity 

arrangement) to match the optimum output coupling coefficient of the VECSEL, 

which lies usually in the few per cent range. It is very likely that these devices will 

expand their application range in this area considerably.    

 

6.4 Future perspective 

 

Recent developments in research on VECSEL devices are pointing to the use of the 

high brightness and high intra-cavity powers (properties of solid state lasers) 

combined with other advantageous properties such as the wavelength versatility, 

tunability etc. (of semiconductor based lasers), as brightness & colour converters and 

as pump lasers, replacing solid state and gas ion lasers especially in the visible range. 

Examples for this are the various publications on harmonic generation [8-19], to 

name a few, which were also stated in the introduction (Chapter 1). Further results on 

harmonic frequency mixing are the results on sum frequency generation to the visible 

Hartke et al. and Härkönnen et al. [20,21] respectively and by Andersen et al. [7], 

which is discussed in Chapter 5, but also the publication on intra-cavity optical 

parametric oscillation by Stothard et al. [22], from the near into the mid-infrared 

region. Recently tunalbe non-linear Raman conversion has also been reported, using 

a KGW  crystal as nonlinear medium by Parrotta et al. [23]. These results are very 

promising for the generation of light waves for specific applications (VIS – medical, 

bio-photonic, near-IR - telecommunication, mid-IR – spectroscopy, trace gas 

detection etc.), but one restriction remains to be mentioned. Almost all results on 
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non-linear conversion are based on InGaAs QW devices with a fundamental 

emission around 1 μm. This is not further surprising, as this material system is the 

highest advanced, offering the best reliability, highest growth quality, gain and 

output powers available for VECSELs and is illustrated in Fig. 1.10 in Chapter 1. 

Nevertheless, further advances in fabrication, such as the use of wafer-fusion, 

combining the gain region with a dissimilar DBR will certainly lead to improvements 

[24]. Adapted from VCSEL fabrication and processing [25], this approach enables 

the production of the active region and the DBR structure independently for near 

lattice-matched growth, resulting in lower defect densities and better performance. 

Expansion of the fundamental emission to towards shorter wavelength, e.g. to the 

near-UV to blue region by GaInN/GaN devices [26,27] was realised. In this case the 

problem of suitable pump laser diodes is still unsolved. The red range is covered by 

AlGaInP compounds [4,28-31]; both with QW and QD based gain layers, leaving a 

coverage gap in the green/yellow. Group II-VI semiconductors based on ZnCdSe 

QWs grown on top of GaAs and InP substrates could be suitable compounds to cover 

the whole visible range, from the blue to the red [32,33]. The drawback of these 

compositions is the difficulty of p-doping for electrical pumping (but not necessary 

for optical pumping) and Cd out-diffusion from QWs, limiting the lifetime despite 

high quality growth [34]. MgZnSSe and MgZnCdSe DBR structures also suffer from 

a low refractive index difference and increasingly difficult growth with increasing 

Mg composition for near lattice matched conditions [35,36] limiting the maximum 

reflectivity and stopband width, mitigating the tunability and efficiency of possible 

devices. Group IV-VI (Lead-salt) devices for fundamental emission in the 3-10 μm 

range consist of a bulk gain region and have reached the stage of room temperature 

cw laser action [37]. The development of devices in the near- and mid-IR region 

covered by GaAs [38] and InAlGaAs [39] QWs for the 850 nm range, InGaAs QWs 

[40] from 920-1180 nm and InGaAs QDs [41] 950-1300 nm range, dilute nitride 

InGaNAs [42] QWs from 1180-1350 nm, all monolithically grown on GaAs 

substrates speaks for itself. InP substrate based compounds are InGaAsP [43] and 

InAlGaAs [24] both emitting around 1550 nm, GaInSb [44] and GaInAsSb [45] for 

2000-3000 nm range. Still gaps or poor laser performance, due to lack of adequate 

materials remain which have to be closed in future, possibly by new lattice matched 
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compositions (II-VI, IV-VI, quaternaries and quinternaries), offering larger refractive 

index differences for DBRs and better optical and/or carrier confinement. All this has 

the potential to improve VECSEL performance as brightness enhancer and colour 

converters required for exotic laser crystal materials [46]. Development goes as well 

in direction of further integration, e.g. mode-locked devices with an integrated 

SESAM structure inside in the gain mirror [47]. Such structures are thinkable even 

with electrical pumping as discussed in [48]. Optically pumped devices, where the 

pump diode laser was integrated between the DBR and gain region have also been 

realised [49]. Many of these applications are scientifically and commercially driven, 

which shows their potential as one of the most versatile ‘solid-state’ laser on the 

market. 
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Appendices: 
2 VECSEL theory and design criteria 

3 Appendix 

A.1 Design for VECSEL structures listed in Table 4-2 
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A.2 Surface PL (growth calibration MR2598) 
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A.3 Wafer mapping (calibration growth MR2959) 
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A.4 Reflectivity and Surface PL (VECSEL MR2615) 
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A.5 InP QD VECSEL design 
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A.6 Time resolved PL measurement programme 
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A.7 InAs/GaAs SML QD VECSEL design 
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A.8 Experimental arrangement of the PL measurements 

 

Edge-PL 

 

 

A – 532 nm Laser (P ~ 1.5 W) 

B – λ/4 retarder for 532 nm 

C – Polarising beam splitter cube for 532nm 

D – Beam dump 

E – Aperture 

F – f=50mm focal length lens 

G – Sample holder / TEC 

H – Microscope lens f=6.2 mm 

K – Focal lens, f=300mm 

L – Spectrometer 

M – Detector 

N1/2 – Spectral filter 
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Polarisation Sensitive Edge-PL 

 

 

A – 532 nm Laser (P ~ 1.5 W) 

B – λ/4 retarder for 532 nm 

C1 – Polarising beam splitter cube  

D – Beam dump 

E – Aperture 

F – f=50mm focal length lens 

G – Sample holder / TEC  

H – Microscope objective f=6.2 mm 

 

I - λ/4 retarder (optional) 

C2 – Polarising beam splitter cube    

         (optiopnal) 

K – Focal lens, f=300mm 

L – Spectrometer 

M – Detector 

N1/2 – Spectral filter 
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Surface-PL 

 

 

A – 532 nm Laser (P ~ 1.5 W) 

B – λ/4 retarder for 532 nm 

C1/2 – Polarising beam splitter cube 

D – Beam dump 

E – Aperture 

F – f=50mm focal length lens 

G – Sample holder / TEC 

K1 – Focal lens, f=80mm 

K1 – Focal lens, f=300mm 

L – Spectrometer 

M – Detector 

N1/2 – Spectral filter 



List of Publications  
 

P - 1 | P a g e  

List of Publications: 

Conference Publication List: 

[1] Jennifer E. Hastie, Peter J. Schlosser, Stephane Calvez, Andrey B. Krysa, Martin 

D. Dawson, ”Semiconductor disk laser incorporating InP/GaInP quantum dots for 

716 – 755 nm emission,” Advanced Solid-State Photonics Conference, Denver, 

USA, Paper AWB5 (2010). 

[2] Peter J. Schlosser, Jennifer E. Hastie, Stephane Calvez, Andrey B. Krysa, and 

Martin D. Dawson, “InP/GaInP quantum dot semiconductor disk laser for TEM00 

emission at 740 nm,” presented at the 22nd Annual Meeting of the IEEE Photonics 

Society, Paper ThP 5 (2009). 

[3] Jennifer E. Hastie, Peter J. Schlosser, Martin Thalbitzer Andersen, Martin D. 

Dawson, and Peter Tidemand-Lichtenberg, “Intracavity frequency mixing in a 

semiconductor disk laser generating >100mW in the yellow-orange,” Advanced 

Solid-State Photonics Conference, Denver, USA, Paper MB22 (2009). 

[4] Peter J. Schlosser, Stephane Calvez, Jennifer E. Hastie, Shirong Jin, Tim D. 

Germann, André Strittmatter, Udo W. Pohl, Dieter Bimberg, and Martin D. Dawson, 

“Characterisation of an InAs Quantum Dot Semiconductor Disk Laser,” Conference 

on Lasers and Electro-Optics 2008, California, Paper CWD5 (2008). 

[5] Peter J. Schlosser, Shirong Jin, Tim D. Germann, Stephane Calvez, Jennifer E. 

Hastie, Andre Strittmatter, Udo W. Pohl, Dieter Bimberg and Martin D. Dawson, “ 

Characterisation of an InAs Quantum Dot VECSEL,” One Day Quantum Dot 

Meeting Imperial College Poster, UK, Poster (2008). 

 

Journal Publication List 

[1] V. G. Savitski, P. J. Schlosser, J. E. Hastie, A. B. Krysa, J. S. Roberts, M. D. 

Dawson, D. Burns, and S. Calvez, "Passive Mode-Locking of a Ti : Sapphire Laser 

by InGaP Quantum-Dot Saturable Absorber," Photonics Technology Letters, IEEE 

22, 209-211 (2010). 

[2]  Peter J. Schlosser, Jennifer E. Hastie, Stephane Calvez, Andrey B. Krysa, Martin 

D. Dawson, ”InP/AlGaInP quantum dot semiconductor disk laser for TEM00 

emission at 716 – 755 nm,” Optics Express 17 (24) 21782-87 (2009) 

[3] Martin Thalbitzer Andersen, Peter J. Schlosser, Jennifer E. Hastie, Peter 

Tidemand-Lichtenberg, Martin D. Dawson, and Christian Pedersen, ”Singly-resonant 

sum frequency generation of visible light in a semiconductor disk laser,” Optics 

Express 17 (8) 6010-6017 (2009). 



List of Publications  
 

P - 2 | P a g e  

  



List of Publications  
 

P - 3 | P a g e  



List of Publications  
 

P - 4 | P a g e  

     



List of Publications  
 

P - 5 | P a g e  



List of Publications  
 

P - 6 | P a g e  



List of Publications  
 

P - 7 | P a g e  



List of Publications  
 

P - 8 | P a g e  



List of Publications  
 

P - 9 | P a g e  



List of Publications  
 

P - 10 | P a g e  

      



List of Publications  
 

P - 11 | P a g e  

 



List of Publications  
 

P - 12 | P a g e  



List of Publications  
 

P - 13 | P a g e  



List of Publications  
 

P - 14 | P a g e  



List of Publications  
 

P - 15 | P a g e  



List of Publications  
 

P - 16 | P a g e  



List of Publications  
 

P - 17 | P a g e  



List of Publications  
 

P - 18 | P a g e  

 


