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ABSTRACT 

Optically pumped vertical-external-cavity surface-emitting lasers (OP-VECSELs) 
constitute a very flexible laser platform, delivering high-power and high-brightness 
emission at a vast wavelength range. However, there are certain spectral gaps where 
efficient VECSEL operation has remained elusive. To this end, the main objective 
of the thesis was to demonstrate a high-power direct-emitting VECSEL in the 700–
800 nm wavelength region, which has not been addressed significantly before this 
work. Two different approaches were followed to fulfill the research objective.  

In a first path we focused on direct emitting quantum well (QW)-based 
VECSELs exploiting AlGaAs/GaAs material system. Record-high output powers of 
4.24 W and 3.25 W at the 755 nm and 765 nm were demonstrated, respectively. As 
negative points of this approach, we note the peculiarity of polarization features and 
the relatively short lifetime arising from defects within the structure. 

A second approach of this thesis was to realize intracavity second-harmonic 
generation (SHG) of the infrared 1.5 μm VECSELs. Furthermore, the work on the 
1.5 μm VECSELs has also followed two complementary directions, resulting in: i) 
development of the first 1.5 μm quantum dot (QD)-based VECSEL, and ii) 
development of the first flip-chip QW VECSEL at the same wavelength. QD-based 
gain media can offer additional advantages over conventional QW devices, such as 
wider gain bandwidth. Whereas, the flip-chip thermal management scheme avoids 
the usage of expensive intracavity heat spreaders (that can distort the laser beam 
profile), paving the way for large volume manufacturing of such VECSELs. The 
achieved results at the fundamental wavelength include 2.25 W from the QD-based 
VECSEL and 3.65 W from the flip-chip QW-VECSEL. Finally, SHG of 750 nm 
emission was realized from both QD and QW VECSELs yielding 1.2 W and 2.25 W 
of output power, respectively. The demonstrated SHG results constitute a more 
viable alternative to the direct emitting structures due to much longer lifetime. 

As possible applications of the laser technology developed in the thesis, we would 
mention biophotonics and medicine due to high penetration depth of 750 nm light 
into human tissues. In addition, further development of 750 nm lasers would lead to 
demonstration of UV emission around 380 nm, which will be particularly useful in 
atomic molecular and optical physics applications. 
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1 INTRODUCTION 

“The laser is a solution seeking for a problem”. This well-known quote was legitimately 
characteristic of the early days of laser development, when the laser was a laboratory-
bound, unexplored, unreliable technology unable to serve as a foundation for the 
real-world applications. However, this quote has certainly lost its validity and it can 
hardly relate to modern society, where laser-based technologies are ubiquitous to the 
point where an ordinary person may carry several of miniaturized lasers integrated 
into a smartphone in his pocket. Laser light, due to its fundamental nature, can be 
perceived as an ultraprecise tool, which, for example, enables formation of ultrashort 
pulses or light-matter interactions beyond capabilities of incoherent light sources. 
Lasers have become a backbone of numerous fields and applications, such as 
telecommunications, medicine, metrology, spectroscopy, material processing and 
atomic manipulation. Thus, nowadays, there are plenty of problems, which are 
continuously seeking for better laser solutions. 

 Each laser application determines specific set of requirements of laser output, 
such as, output power, emission spectrum, beam quality, tunability, linewidth, pulse 
width, etc. Various laser platforms are capable of tailoring these output parameters 
with different levels of success, depending on fundamental aspects underlying the 
operation principle of each laser type. The most general and important categorization 
of the lasers by type can be done accordingly to the active region the laser platform 
is employing. Active region or gain medium is a component responsible for the light 
generation and amplification. Moreover, the feedback and the pump are two other vital 
components of a laser, which correspondently enable stimulated emission and 
supply energy to the system.  

Traditionally, the solid-state gain medium is mentioned first, since it was the very 
first medium where light amplification by stimulated emission radiation was demonstrated 
by T. Maiman in 1960 [Maiman et. al., 1960]. In that particular case, the solid-state 
gain medium was represented by a ruby crystal comprised of Cr ions embedded into 
Al2O3 matrix. Generally, solid-state gain media can be characterized as crystalline or 
glass matrixes doped with rare earth or transition metal ions [Huber et. al., 2010]. 
Optical pumping is employed for exciting ions to higher energetic states in solid-
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state lasers [Byer et. al., 1988]. Emission spectra of solid-state media correspond to 
discrete atomic transitions of the embedded ions. This aspect can be considered as 
both an advantage and disadvantage of this type of gain media. Atomic transitions 
provide very narrow gain bandwidth, which is favourable for lasing in a single-
frequency regime; while on the other hand, these atomic transitions are spectrally 
limited, with the exception of vibronic lasers [Budgor et. al., 1984]. The same spectral 
limitations are inherent to gas lasers: HeNe, xenon and argon-ion lasers. Gas lasers 
have pioneered the early days of laser technology, succeeding solid-state lasers 
[Bennett et. al., 1965; Javan et. al., 1961]. Although many milestones have been 
achieved in the early days of laser development, such as single-frequency operation, 
Q-switching [McClung et. al., 1962], mode-locking [Ippen et. al., 1972], and second- 
harmonic generation [Franken et. al., 1961] etc., spectral coverage of the lasers 
available by that time was still scarce. 

The path for the semiconductor lasers, which will become the most spectrally 
versatile lasers, was paved in 1962 by R. Hall [Hall et. al., 1962]. It took seven more 
years to realize the first double heterostructure laser, demonstrated by Zh. Alferov 
[Alferov et. al., 1969], the concept which afterwards developed into a basic 
framework of semiconductor lasers. Subsequent demonstration of a quantum well 
laser, nine years later by N. Holonyak [Holonyak Jr et. al., 1978], made possible low-
threshold laser emission at the wavelength range spanning from visible to mid-
infrared. The possibility of tailoring emission wavelength by means of bandgap 
engineering paired with a mass volume production revolutionized many fields with 
this affordable laser platform. For instance, the Internet, whose impact on human 
progress cannot be overestimated, would not be possible in the form we know today 
[Winzer et. al., 2018] without a combination of advances in the semiconductor laser 
technology. However, semiconductor lasers suffer from several drawbacks, namely, 
low brightness, complex multi-stage processing and a monolithic resonator.  

The laser type covered in this doctoral dissertation is named vertical-external-
cavity surface-emitting laser (VECSEL) [Sandusky et. al., 1996; Kuznetsov et. al., 
1997], which originates from the semiconductor laser family. This particular laser 
type couples features of solid-state lasers, such as a functional external resonator and 
optical pumping, with intrinsic gain versatility of semiconductor gain media. Such a 
successful combination made possible the creation of a remarkably flexible, 
multipurpose laser platform, capable of precise tailoring of output parameters in 
accordance even to the most strict applications, for instance in atomic, molecular, 
and optical physics (AMO) [Burd et. al., 2016; Burd et. al., 2015].  
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Particularly, VECSELs with emission wavelength at the 700–800 nm wavelength 
interval can benefit a multitude of applications. For instance, due to the large 
penetration depth at the wavelengths around 750 nm [Jacques et. al., 2013], such a 
VECSEL can be applied in medicine, dermatology and biophotonics. VECSEL-
based cavity-enhanced detection of molecular oxygen (the absorption peak lies at 
763 nm) can enrich the field of spectroscopy [Gianfrani et. al., 1999]. Furthermore, 
direct emitting VECSEL at this wavelength range constitute a particular interest, 
since they open an avenue for efficient second-harmonic generation (easily attainable 
with VECSELs) to the UV wavelength range. In spite of the high demand of UV 
lasers, the UV waveband coverage with high-brightness, high-power lasers remains 
very poor. One of the most prospective fields where UV lasers find a great need is 
AMO physics. AMO physics involves atom manipulations by means of addressing 
certain atomic transitions with photons. Notably, a large number of atomic transition 
lines are located in the UV wavelength range, where a precisely tuned narrow-
linewidth laser can wield them. UV VECSELs have already proved themselves as a 
very practical and viable laser platform for AMO physics, when applied in the 
quantum computation field with a purpose of ion cooling and ion trapping [Burd et. 
al., 2015]. Another noteworthy application of UV VECSELs in the AMO field is the 
medical radioisotope separation technique called MAGIS, where VECSELs were 
proposed to be used as optical pumps [Mazur et. al., 2014]. The MAGIS technique 
allows separation of the stable isotopes, which later are used for manufacturing of 
the radioactive medical isotopes. For instance, Tc99m is the most demanded medical 
radioisotope in the world [Ponsard et. al., 2012], which contributes the most to 
nuclear medicine diagnostics [Charlton et. al., 2015]. Manufacturing of this particular 
isotope requires a narrow-linewidth laser with emission at 380 nm, the wavelength 
range that is outside the scope of convenient and efficient laser platforms, but which 
can be covered by the frequency-doubled 760 nm VECSEL. 

1.1 What VECSELs can offer in comparison to other lasers 

As mentioned above, VECSELs belong to a semiconductor laser family. However, 
compared to traditional semiconductor lasers, there are several major differences in 
the laser architecture and pumping scheme utilized in this laser type. Contrary to the 
ubiquitous electrically pumped (EP) laser diodes, VECSELs are typically optically 
pumped (OP). At the first glance, this fact may be considered as a drawback of 
VECSELs, especially when compared to the relatively easy electrical pumping of 
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p-n junctions employed in diode lasers. Indeed, optical pumping applied to a 
common diode laser structure alone would not be a viable modification, yet in a 
VECSELs, optical pumping is advantageously exploited in an external cavity created 
between an external mirror(s) and the so-called ‘gain mirror’ structure. This 
configuration is depicted in Fig.1. The design and geometry of the external resonator 
dictates the mode size diameter on the VECSEL surface. In turn, mode spot is 
overlapping with the pump beam of a slightly bigger diameter, ensuring stable 
operation with circular beam geometry and high power. Such combination of 
excellent beam quality and high power is one of the major advantages of VECSELs, 
effectively classifying them as high-brightness lasers.  

 

 

Figure 1.  Schematic illustration of an optically pumped vertical-external-cavity surface-emitting laser. 
Resonator is created between a DBR and a curved highly reflective mirror (with typical 
reflectivity of ~97-99%), which couples out laser output.  

Surface emission is another notable aspect of VECSEL architecture, which allows 
power-scaling with multi-Watt output. Scaling the pump spot diameter translates 
into scaling of the power by increasing the effective gain volume, contrary to the 
laser diodes where gain region volume is rather small and fixed.  

Despite the larger gain volume compared with vertical cavity laser diodes, for 
successful laser operation, the combined resonator losses (which include laser 
output) should not exceed several percent; therefore, the amount of power 
concentrated inside the cavity exceeds the output power values by a factor of tens to  
hundreds. In turn, the high level of intracavity field intensity enables efficient 
nonlinear conversions expanding even more the operation regimes of VECSELs. 
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Table 1.  Main laser types with ratings corresponding to their performance: ★☆☆☆- poor, 
★★☆☆ – fair, ★★★☆ – good, ★★★★- excellent  

 
Moreover, an open resonator allows insertion of various intracavity optical 

elements in order to modify the emission properties of the laser or initiate ultrafast 
short-pulse operation. 

This notable combination of features distinguishes VECSELs among other laser 
concepts and makes it a very application-targeted laser platform. Table 1 indicates 
general properties of the most common laser types, including VECSELs.  

Laser type Wavelength 

versatility 

Power 

levels 

Ultra-short 

pulse 

operation 

Beam 

quality 

Footprint Cost 

Solid-

state  

★☆☆☆ ★★★★ ★★★★ ★★★☆ ★★☆☆ ★★☆☆ 

Fiber 

lasers 

★★☆☆ ★★★★ ★★★★ ★★★★ ★★☆☆ ★★★☆ 

Dye laser ★★★☆ ★★★★ ★★★★ ★★★☆ ★☆☆☆ ★☆☆☆ 

Gas 

lasers 

★☆☆☆ ★★★★ ★★☆☆ ★★★☆ ★★☆☆ ★★★☆ 

EEL 

diodes 

★★★★ ★★★☆ ★★☆☆ ★☆☆☆ ★★★★ ★★★★ 

VCSELs ★★★☆ ★☆☆☆ ★★☆☆ ★★★★ ★★★★ ★★★★ 

VECSELs ★★★☆ ★★★☆ ★★★★ ★★★★ ★★★☆ ★★★☆ 
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1.2 VECSEL spectral coverage  

Bandgap engineering and mature semiconductor growth technology allow emission 
from semiconductor gain media at a very broad wavelength range, spanning from 
UV to mid-IR [Guina et. al., 2017]. However, there are a few notable exceptions of 
spectral regions where direct emission from semiconductor gain media cannot be 
efficiently achieved. These spectral regions, where laser emission is very challenging 
to achieve or where emission cannot be achieved at all, are commonly referred to as 
spectral gaps. For semiconductor lasers, there are notable green and orange spectral gaps, 
where direct emission is currently unavailable or the lifetime of the lasers is very 
short, making them impractical. Commonly, the spectral gaps originate from the lack 
of semiconductor compounds with adequate bandgap, crystalline, and injection 
properties corresponding to the given spectral regions. VECSEL technology 
therefore faces the same problems, typical to the whole semiconductor laser family. 
In fact, the spectral versatility of VECSELs is subject to these limitations even in 
higher degree when compared to the standard edge-emitting technologies. These 
additional limitations for the spectral versatility of VECSELs arise because the 
semiconductor gain mirror elements are composed of two parts: one being the light-
emitting active region (which requires bandgap engineering and quantum 
well/barrier lattice-matching compounds) and the other the DBR (which demands 
two additional semiconductor compounds, both being closely matched to the 
substrate). Thus, the presence of the DBR adds an additional factor that must be 
taken into account during VECSEL design, implicating that the DBR should be 
lattice-matched to both an active region and a substrate. This fact significantly 
complicates VECSEL design and even prevents lasing at several spectral regions in 
addition to the general spectral gaps intrinsic to all semiconductor lasers. Figure 2 
illustrates the spectral coverage of GaAs- and InP-based VECSELs, including direct 
and frequency converted emissions. The data does not reflect all results, but rather 
focuses on the highest achieved output powers in the CW regime (pulsed VECSELs 
are outside the scope of this thesis and are excluded from the discussion). As can be 
seen from the Fig. 2 the output power values achieved in the different wavebands 
vary significantly, and in some cases over orders of magnitude. The record output 
powers were achieved at the wavelength region slightly longer than 1 μm. This fact 
can be attributed to the high-gain and thermal robustness of InGaAs quantum wells, 
which are used to achieve emission at this wavelength region. Mature fabrication 
technology in combination with careful optimization allowed the achievement of 
over 100 W of output power in CW regime [Heinen et. al., 2012], which is, to date, 
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the highest output power value demonstrated with VECELs. Nevertheless, there are 
multiple regions where the development of a high-power VECSEL was not as 
dynamic and successful as at the 1 μm range. Thus, the development of high-power 
VECSELs at challenging and less addressed spectral regions is the main scope of 
this doctoral dissertation. 

 

 

Figure 2.  Emission wavelength map composed of the results demonstrated with the GaAs and InP-
based VECSELs in CW mode. Figure summarizes only the leading results of the CW 
output powers [Guina et. al., 2017] and references therein.  
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1.3 Research objectives  

The generic objective of the thesis was to expand high-power operation of 
VECSELs to spectral regions that so far have not been properly addressed. In 
particular, the main goal was to develop VECSELs targeting the wavelength region 
around 750 nm. The research strategy followed a complementary path addressing 
direct emitting and frequency doubled VECSELs with fundamental operation at 1.5 
μm and is illustrated in Fig.3. 

The main tasks and corresponding alternative approaches were:  
 Demonstrating direct emitting VECSEL at 750 nm wavelength 
 Developing flip-chip VECSEL at 1500-1550 nm range 
 Demonstrating quantum dot-based 1500 nm VECSEL (alternative to 

previously demonstrated quantum well-based VECSELs) 
 Achieve frequency doubling from 15XX nm down to 7XX nm region 

from quantum dot-based VECSEL  
 Make comparison of these two approaches of achieving 7XX emission 

from VECSELs 
 
The challenges of achieving 700–800 nm emission from VECSELs arise from 

the scarce availability of lattice-matched, direct bandgap semiconductor compounds 
that can offer both emission and sufficient carrier confinement for operation at 
elevated temperatures, especially when moving towards the shorter wavelengths in 
this range. This thesis includes the very first demonstration of direct emitting 
VECSELs in this wavelength range and discusses two different designs of active 
regions employed for the VECSEL gain mirrors with emission at slightly different 
wavelengths. The first design of the active region was composed solely from AlGaAs 
and was developed for operation at the longer wavelength end of the 700–800 nm 
range. The second design was targeted to the shorter wavelength end, therefore, 
materials with larger bandgaps were used, both for the quantum wells and for the 
claddings.  
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Figure 3.  Step-scheme illustrating the research directions following different approaches with the 
aim of achieving visible and IR VECSEL emission in the challenging wavelength 700–
800 nm regions.  

On the other hand, the approach exploiting frequency doubling of 1.5 μm VECSEL 
suffers from the lack of availability of lattice-matched compounds for the DBR and 
the gain region. Hence, achieving VECSEL emission at this wavelength range resorts 
to the wafer-fusion approach, which allows the combining of separately grown 
GaAs-based DBRs and InP-based active regions. The novel aspects we tackled in 
relation to 1.5 μm VECSELs are: i) development of QW-based gain mirrors in flip-
chip configuration, and ii) demonstration of QD-dots based gain mirrors. These 
novel approaches provide benefits in terms of manufacturing and functionality, and 
in particular, in terms of wavelength tuning capability. 

1.4 Thesis outline  

This thesis is structured as follows. Chapter 2 focuses on the theoretical and practical 
aspects of VECSELs. Chapter 3 shows the experimental results obtained with 750 
nm direct-emitting VECSELs, which correspond to P1 and P2. Chapter 4 shows the 
experimental results achieved with the wafer-fused IR VECSELs with fundamental 
emission that correspond to publications P3 and P4, as well as results of frequency 
conversion, which correspond to P5. Chapter 5 summarizes the main results and 
makes a comparison between the approaches followed.  
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2 VECSEL BASICS 

Optically-pumped (OP)-VECSELs may be understood as wavelength and brightness 
converters, since they absorb low-brightness broad spectrum light from inexpensive, 
widely available laser diodes, and efficiently transform it into high-brightness laser 
emission, with parameters that may be precisely engineered.  

2.1 VECSEL architecture 

The distinctive features of VECSEL architecture can easily be illustrated and 
emphasized by schematically comparing it to the architecture of other 
semiconductor laser types, such as the edge-emitting laser (EEL) diode, the extended 
cavity diode laser, and the vertical cavity surface emitting laser diode (VCSEL). 
Although several other architecture variations are possible, such as an electrically-
pumped VECSEL or optically-pumped VCSEL, the four types shown schematically 
in Fig. 4 are the most typical semiconductor laser designs. The electrically-pumped 
EEL diode, depicted in Fig.4(a), is the most common semiconductor laser type. Its 
laser emission is generated in a planar active region with a thickness of tens to 
hundreds of nanometers and a width in the range of a few micrometers to tens of 
micrometers. This asymmetric configuration of the active waveguide creates high 
astigmatism and results in poor quality beam profiles. Fig.4(b) schematically 
illustrates an external cavity laser diode [Liu et. al., 1981], where the resonator is 
created between one cleaved facet and an external mirror. The external cavity 
configuration opens possibilities for wavelength tuning or single-frequency 
operation by means of implementing a passive feedback element, yet the complexity 
is increased and power levels remain modest being limited by the rather small gain 
volume of the waveguide. Then the planar active region of a VCSEL, shown in Fig. 
4(c), is situated between two DBRs creating a high-finesse resonator, which results 
in narrow-linewidth emission with circular, low-divergence output beams of much 
higher beam quality than the EEL equivalent.  
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Figure 4.  Main semiconductor laser types: a) edge-emitting laser diode. b) external cavity laser 
diode c) VCSEL d) OP-VECSEL. Yellow colored regions correspond to the electrical 
contacts of structures; when black colored regions correspond to active regions of lasers. 

Pumping of VCSELs is implemented through ring contacts, where guiding of 
current occurs through a tunnel junction aperture. The aperture size therefore 
defines the mode volume and, consequently, the optical power of a VCSEL. An 
increase in aperture size eventually leads to an uneven current distribution across the 
active region and, thus, compromises the beam quality of the VCSEL as well. In 
practice, the output power of a single-mode VCSEL is limited to several mW. As it 
can be seen from Fig. 4(d), the VCSEL is the most closely related laser type to the 
VECSEL, in both name and in architecture. VECSEL technology evolved from 
VCSEL technology in 1996 [Sandusky et. al., 1996], and the first high-power room-
temperature optically-pumped VECSEL was demonstrated by Kuznetsov in 1997 
[Kuznetsov et. al., 1997]. Just for general information, we want to note that the first 
theoretical design of a VECSEL-like architecture was proposed by Basov et. al. 
already in 1966 [Basov et. al., 1966]. Switching to optical pumping allowed uniform 
carrier injection into the active region. Furthermore, optical pumping excluded the 
need for complicated processing steps required for electrical injection, typical for 
VCSELs and most importantly allowed simplification of the semiconductor material 
growth, no longer demanding p- and n-doping of semiconductor material. Another 
major improvement implemented in VECSELs targeted the thermal management of 
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the devices, which will be discussed further in detail. In this way, the replacement of 
the VCSEL’s top-DBR with an external mirror and switching to optical pumping led 
to the demonstration of the new laser concept with much higher versatility.  

2.2 Gain mirror fabrication 

The semiconductor part of the VECSEL is generally referred to as a gain mirror, 
since it is composed of a highly-reflective DBR with an optical gain section placed 
on top of it. Such gain mirrors are grown by means of molecular beam epitaxy (MBE) 
or metal-organic chemical vapor deposition (MOCVD) on a variety of substrates, 
most common of which are GaAs, InP and GaSb. The active region and the DBR 
are grown in a sequence, which is determined by the thermal management of choice. 
Lattice constants of all semiconductor materials involved should be matched to each 
other, although certain lattice mismatch (i.e. strain) is allowed. Strain can be either 
tensile or compressive depending on the sign of the lattice coefficients difference 
between the grown material and the substrate. Strained layers can be grown if their 
thicknesses do not exceed the critical layer thickness value. In fact, certain amount 
of compressive strain in a QW can be beneficial by lifting the heavy hole/light hole 
degeneracy in the valence band and, thus, reducing density of states in the ground 
state of the QW, which decreases lasing threshold. [Zory et. al., 1993].  Layers with 
lattice constants opposite in sign to the accumulated strain may be introduced into a 
structure in order to compensate the strain [Nishi et. al., 1986]. This technique is 
called strain compensation, which has been routinely used for VECSEL fabrication 
at the wavelength range longer than 1.1 μm  [Fan et. al., 2007; Ranta et. al., 2011; 
Ranta et al., 2012].  

2.2.1 Gain section 

Conventionally, VECSELs employ QW- or QD-based active media [Okhotnikov 
2010]. QW is a particular case of heterostructure, where a thin film (several 
nanometers) of semiconductor compound, with an engineered bandgap, is 
sandwiched between two thicker layers (barriers) of semiconductors with higher 
bandgaps. QWs provide one-dimensional carrier confinement, whereas QDs exhibit 
three-dimensional confinement of carriers on the nanoscale. Such QW (or QD) 
layers are usually combined into groups, which are separated by cladding layers. This 
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cladding has a larger bandgap energy than the barriers and correspondingly higher 
than the QWs. The cladding constitutes a larger volume of a gain section. Thus, most 
of the pump light gets absorbed in the cladding layers, exciting carriers (electron and 
holes) to higher energy states. Furthermore, these carriers subsequently relax and 
diffuse from the higher bandgap cladding to lower bandgap barriers, and finally are 
trapped into QWs, where carriers radiatively recombine via stimulated emission. 
Barriers with higher bandgap values prevent an escape of carriers from QWs, thus, 
making population inversion possible, which is required for lasing. The difference in 
the bandgap energies between QWs/QDs and barriers can be referred as a carrier 
confinement value. An energy value of carrier confinement needs to be several times 
higher than the thermal energy of the carriers at an operating temperature in order 
to prevent a thermal escape that leads to a decreased gain. Furthermore, a window 
layer at the air/semiconductor interface is engineered to have one of the highest 
bandgap energies in the structure in order to prevent carrier diffusion to the surface 
and their subsequent non-radiative surface recombination ― another source of 
carrier recombination, gain reduction and even damage. 

The spatial arrangement of QW grouping inside an active region follows the so-
called resonant periodic gain (RPG) design [Corzine et. al., 1989; Raja et. al. 1989], 
exemplary depicted in Fig. 5. Such an arrangement allows placing QW or QD groups 
at the antinodes of a standing wave formed inside the microresonator or microcavity. An 
overlap of the electric field antinodes with the QWs provide higher effective gain at 
the particular lasing wavelength. In this way, it is possible to obtain higher gain. The 
amplitude of the field enhancement inside the microcavity depends on the detuning 
between the laser wavelength and the wavelength corresponding to the micro cavity 
resonance, which can be engineered by the microcavity thickness and the top 
coatings. Thus, the gain mirror designs are typically categorized as resonant and 
antiresonant structures. Resonant designs are advantageous in terms of threshold 
minimization and operation with higher output coupling ratios for higher output 
powers. Antiresonant designs are commonly employed in widely tunable VECSELs 
or mode-locked VECSELs, where wide gain bandwidth is preferable for the creation 
of ultrashort pulses [Keller et. al., 2006]. 
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Figure 5.  Schematics of resonant periodic gain structure usually employed in VECSELs 

Another aspect in RPG design is the number of QWs per group, which can be 
decreased towards the bottom of the gain mirror to follow the pump absorption 
distribution and keep all QWs pumped at somewhat similar carrier densities.  

The temperature of an active region rises accordingly with the amount of 
absorbed pump light. This temperature increase leads to bandgap reduction in QWs, 
a typical effect for semiconductor materials. While the bandgap decreases with 
temperature, the refractive indices of the semiconductor materials increase. 
Therefore, upon increasing the pumping, the PL, the gain peak, the reflectivity stop-
band of the DBR, and microcavity resonance wavelength undergo a red-shift, but at 
a different rate. Thus, in order to accurately match the desired emission wavelength 
at certain output powers and temperatures, it is necessary to define an unpumped 
detuning of a particular structure. This detuning can be understood as the spectral 
difference between room-temperature PL and PL at elevated temperatures caused 
by pumping. A properly designed detuning allows achievement of efficient high-
power operation, because the red shifted lasing wavelength will spatially overlap with 
QWs inside the VECSEL and will spectrally overlap with microcavity resonance 
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under the desired pumping values and heatsink temperature [Schulz et. al., 2007]. 
Thus, for this particular structure it is important to know the rate of the spectral shift 
of the QW PL and gain peak in correspondence to induced pump power.  

2.2.2 Distributed Bragg reflector 

The distributed Bragg reflector is another integral part of the VECSEL. A DBR is 
composed of alternating thin layers of high (nH) and low refractive (nL) index 
compounds. Thicknesses of these layers correspond to a quarter of the central 
wavelength of the waveband that the particular DBR is designed to reflect. The basic 
operation principle of a DBR is based upon constructively interfering reflections 
from each inner boundary of a DBR. Thus, the number of layer pairs defines the 
reflectivity of the DBR. Figure 6 demonstrates simulation of a GaAs/AlAs DBR 
consisting from the different number of pairs, where nH=3.5  and nL=2.9.  

 

Figure 6.  DBR reflectivity simulated for different number of pairs in the GaAs/AlAs DBR, where 
nH=3.5  nL=2.9 .  

On the other hand, increasing a refractive index contrast between pairs allows for a 
reduction of the number of pairs needed for achieving a certain reflectivity value. 
Absolute refractive indices of semiconductor compounds, number of pairs, and the 
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contrast between the pairs, are therefore important design aspects of a VECSEL. 
Furthermore, a VECSEL DBR must be transparent at the signal laser wavelengths 
in order to avoid absorption losses detrimental to lasing operation and, preferably, 
at the same time be transparent for residual unabsorbed pump light as well, in order 
to avoid heat generation in a DBR. Thus, DBR parameters have to be specifically 
tailored for a particular wavelength range while accounting for the active region 
composition, its thickness, wavelength of the pump laser, and the chosen thermal 
management configuration.  

The ideal choice of DBR material for GaAs-based VECSEL gain mirrors is 
GaAs/AlAs: this material combination provides the largest refractive index contrast, 
allowing the manufacture of thin DBRs with high thermal conductivity, and is lattice 
matched to GaAs. Since GaAs absorbs light below 880 nm, when developing 750 
nm VECSEL the DBR materials are slightly changed to AlGaAs/AlAs to avoid 
absorption of the laser light.  

2.3 VECSEL characterization  

Characterization procedures for VECSELs can be categorized into two areas: the 
first area is characterization of a VECSEL gain mirror, while the second phase is 
characterization of VECSEL laser properties. 

2.3.1 VECSEL gain mirror characterization 

Upon growth, a VECSEL wafer undergoes material characterization in order to 
obtain information, such as wavelength and the intensity distribution of 
photoluminescence (PL) across a wafer, wafer reflectivity, surface roughness, crystal 
quality, etc. PL measurement is one of the most basic and useful procedures of 
evaluation of optical quality. PL wavelength is also measured during intermediate 
calibrations of growth parameters in order to optimize the operation wavelength in 
terms of detuning from the cavity resonance. Intensity of PL signal can be used for 
a post-growth material quality assessment, since PL intensity is usually proportional 
to semiconductor crystal quality. Generally speaking, assessment of PL signals can 
be made by collection from the front surface (PL measured in a growth direction) 
or from the edge of the semiconductor wafer (measured from a cleaved facet). The 
front PL is easier to measure using routine equipment but it is filtered by the DBR 
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and cavity resonance [Tropper et. al., 2006]. Therefore, edge PL is typically employed 
for a precise PL peak wavelength analysis of a VECSEL. Fig. 7 demonstrates 
comparison between front and edge PL measured from the same VECSEL gain 
mirror structure. 

 

 

Figure 7.  Normalized front PL and edge PL signals measured from the same VECSEL structure, 
described in [P2]. Due to presence of a microcavity resonator (created between DBR and 
air/semiconductor surface) the spectrum of front PL is narrower and shifted in comparison 
to the edge PL. 

Another method of assessing structure on a presence of defects is PL signal imaging 
via mapping [Hein et. al., 2012]. Fig 8 demonstrates such PL mapping taken through 
an intracavity heat spreader bonded to a gain mirror surface. The excitation was done 
with a 532 nm collimated laser beam, which was filtered out from the photograph 
by means of a long-pass filter. Such a method renders possible surface quality 
investigation and inspection of the structure for the presence of dark lines and dark 
spots, which may originate due to strain or misfit dislocations.  
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Figure 8.  A stitched CCD photograph of large area PL of a VECSEL surface taken through an 
aperture of copper mount. The VECSEL was excited with 532 nm unfocused beam, which 
was filtered out by means of a long-pass filter (600 nm), transmitting only PL. Dark 
spots/non-radiative recombination centers (left) can be seen as well as a dark line 
(bottom). Diagonal black and white fringes originate from interference inside a diamond 
heat spreader bonded to VECSEL surface.  

Time-resolved PL (TRPL) is instrumental in carrier lifetime measurement, indirectly 
evidencing crystal quality of a structure [Cooley et. al., 1998]. Moreover, temperature-
dependent reflectivity (TDR) is employed for determining an exact value of the 
micro cavity resonance. TDR is measuring the reflectivity of a structure as a function 
of temperature. This information of the exact location and spectral shift rate of the 
cavity resonance is essential for laser operation optimization under specific pumping 
and, therefore, temperatures. Fig. 9 demonstrates the TDR measurement of a 
structure, where the microcavity resonance was determined to be at 747 nm, and the 
lowest dip in the reflectivity curve was measured at a temperature of 75°C. In this 
particular case (AlGaAs QW VECSEL described in chapter 3), the TDR indicated 
that the detuning of the structure is negative, meaning that the microcavity resonance 
is located at the shorter wavelength in regards to the gain peak at the operating 
temperature, which brings additional losses to the laser operation.    
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Figure 9.  Temperature dependent reflectivity measurement of a VECSEL structure (described in 
chapter 3). In this particular case, micro cavity resonance was measured at ~747 nm 
(marked with a dot).  

Additional techniques used routinely in semiconductor fabrication include: scanning 
electron microscopy (SEM) imaging of a cross-section of a VECSEL for assessing 
the layer sharpness and precise measurement of the layers thicknesses (see Fig. 23), 
atomic force microscopy (AFM) for imaging the surface morphology and for 
measuring wafer roughness (see Fig. 36), and X-ray diffraction (XRD) for examining 
the crystal quality and estimation of the accumulated strain [Ranta et. al., 2011].  

2.3.2 Characterization of VECSEL laser operation 

Lasing parameters of VECSELs can be categorized into two subclasses: i) tailorable 
parameters and ii) the intrinsic features of the gain mirror. Output power and tuning 
can be referred to as the tailorable features, since various design techniques can be 
applied in order to adjust these parameters. For example, output power can be 
increased via increasing the pumping spot area. In that case, thermal roll-over will 
be the limiting factor for further output power increase, which is dictated by the heat 
transfer dynamics inside the active region and the heat spreader. Thus, the thermal 
roll-over can be thought of as an intrinsic parameter of the gain mirror (although 
this is also affected by the heat spreader technology). Furthermore, an optimal 
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output coupling ratio plays an important role in achieving the highest output power 
values. Thus, several output coupling ratios are typically tested in order to find out 
an optimal value for a particular structure and parameters. Combined intrinsic optical 
losses of a VECSEL can be estimated by means of the Findlay-Clay analysis 
[Findlay et. al., 1966] or the Caird plot [Hartke 2008]. In addition, active loss 
mechanisms can be detected, for instance, parasitic or lateral lasing that can occur 
under high pumping powers in a lateral in-growth-plane resonator, which 
substantially decreases lasing efficiency due to carrier depletion [Chernikov et. 
al., 2010]. Lateral parasitic lasing can be detected either by means of a CCD camera, 
or by optical spectrum measurements. Lateral lasing usually occurs at longer 
wavelengths, for which an un-pumped gain region is transparent. Lateral lasing is 
detectable by macrophotography during operation.  

Laser spectra can be seen both a tailorable and intrinsic feature since free-running 
spectrum is defined by the intrinsic parameters (e.g. bandgap), but at the same time 
is susceptible to changes in a temperature and pump power or to a presence of 
intracavity elements, such as, etalons or birefringent filters. 

Another example of tailorable VECSEL parameter with high relevance for 
application is the laser beam divergence or beam quality, described by the M2 factor. 
Since the lowest order transverse laser mode possess the lowest divergence (TEM00), 
measured M2 factor can be used for the characterization of the transverse mode 
content of the laser output. As a rule of thumb, laser beams with M2 factor lower 
than 1.5 are composed from a single transverse mode, or fundamental mode. Due 
to an uncomplicated mode adjustment of a VECSEL, laser operation can be easily 
changed from fundamental mode to multimode operation, thus increasing the M2 

factor. 

2.4 Thermal management  

Thermal management of any laser is a crucial design aspect drastically affecting the 
high-power operation capability. In a VECSEL, the origin of the heating can be 
summarised as consequences of the quantum defect and the non-radiative carrier 
recombination [Bedfort et. al., 2005]. Quantum defect can be understood as the 
energy difference between the absorbed higher energy pump photons and the 
emitted lower energy laser photons. This energy difference is dissipated as heat via 
lattice vibrations as the carriers relax into the barrier and the QW regions as 
described previously. Excessive heat can be efficiently extracted from an active 
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region using one of the three conventional thermal management schemes, shown 
schematically in Fig. 10.  

 

 

Figure 10.  VECSEL thermal management approaches: (a) the intracavity heat spreader approach (b) 
the flip-chip approach (c) DBR-free, double heat spreader approach 

2.4.1 Intracavity heat spreader approach 

Fig. 10 (a) illustrates the intracavity (IC) heat spreader approach [Alford 2002], which 
can be considered as the most simple thermal management method. This approach 
exploits a CVD-grown transparent heat spreader of high-thermal conductivity 
(usually single-crystal diamond or SiC) which is capillary bonded to the VECSEL 
surface (Fig. 11). Thus, heat from an active region is extracted through a transparent 
heat spreader and subsequently conducted to the cooled copper mount. In this case, 
there is no processing of semiconductor material involved (except wafer dicing into 
chips) and it can be easily and quickly implemented.  
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Figure 11.  Microscope photographs of a VECSEL gain mirror (the same presented at Fig.8) bonded 
to an IC diamond. Image (a) is focused on the top diamond surface, where surface 
polishing grooves can be seen. Image (b) is focused onto the semiconductor/diamond 
interface, where semiconductor surface imperfections and a region of the weak bonding 
(white spot at the left bottom part) can be seen. Uniform coloring and absence of 
interference fringes are the criteria of a good capillary bonding. The aperture diameter is 
approximately 2 mm. 

On the other hand, this approach possesses a number of disadvantages. The first 
disadvantage arises from the fact that the IC heat spreader is situated inside the 
resonator (hence the name intracavity), and, therefore, this brings a set of critical 
requirements in terms of optical quality of the heat spreader: low-absorbance, low-
scattering and low-birefringence. Hence, only single-crystalline and smoothly 
polished heat spreaders must be used, which significantly adds to their cost. Even a 
small amount of birefringence (originating from internal stresses during crystal 
growth) can compromise laser operation, causing polarization losses which lead to 
distorted laser beam profile and multimode operation [van Loon et. al., 2006]. Fig. 
12 shows a photograph of a birefringent IC heat spreader. The photograph was taken 
by means of a microscope equipped with a Nomarsky prism. Investigations done 
with a Nomarsky prism or in cross-polarization can give only qualitative 
understanding about the amount of intrinsic birefringence inside a heat spreader.  
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Figure 12.  A single-crystalline intracavity heat spreader (3x3 mm2) demonstrating high birefringence 
(colored pattern). The stitched photograph was taken by means of a microscope equipped 
with the Nomarsky prism.  

Another disadvantage of the IC approach is related to the parasitic Fabry-Perot 
etalon inside a resonator that alters the output spectrum of a laser. To illustrate this, 
Fig. 13 shows lasing spectra comparison of a VECSEL using the IC heat spreader 
and the flip-chip configurations. In this case, an IC diamond with a refractive index 
of 2.4 (at 1.2 μm) and with a thickness of ~335 μm creates the Fabry-Perot etalon 
with a free spectral range (FSR) of 1 nm. Modulation of the output spectrum can be 
considered as a major drawback in applicaions where continuous tuning and flat 
spectral intensity is desired, for instance, in spectroscopy applications. Although 
deposition of an anti-reflective coating onto a heat spreader can somewhat mitigate 
spectrum fringes by decreasing the etalon finesse, often spectrum modulation cannot 
be avoided completely. Another way to reduce spectrum modulation caused by the 
IC heat spreader is to use a wedged heat spreader [Maclean et. al., 2008]. 
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Figure 13.  Output spectra of VECSELs with different thermal management methods. The black curve 
shows modulated output spectrum due to the Fabry-Perot etalon introduced by the IC heat 
spreader. The active regions used for these measurements, namely, InP-based wafer-
fused VECSELs, are similar to the ones reported in [Rantamäki et. al., 2015]. 

One more drawback of an IC heat spreader approach is related to the limitations of 
power- and production volume scalability of such VECSELs. A heat spreader’s 
efficiency in extracting heat is directly proportional to its thickness and inversely 
proportional to the diameter of the pump spot (i.e. heated area). Since power scaling 
in VECSELs is implemented through pump spot size increase, IC heat spreader 
thickness ultimately hinders the VECSEL power scalability [Kemp et. al., 2005; 
Rantamäki et. al., 2015]  

2.4.2 Flip-chip approach  

The flip-chip approach utilizes heat extraction through the bottom of a chip, thus 
conveying heat from the active region via DBR to the bottom heat spreader and 
eventually to a copper plate [Kuznetsov et. al., 1997]. Fig. 14 illustrates the stages of 
gain mirror processing implemented in the flip-chip configuration. First, 
semiconductor growth of an active region and a DBR is performed onto a substrate 
(in reverse order), with an active region grown first (Fig. 14(a)), which is followed by 
metallization of the DBR with Ti and Au. The purpose of metallization is two-fold: 
i) to compensate for the low reflectivity of a thin DBR by adding highly-reflective 
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metal layers (with a thickness in the range of hundreds of nanometers), ii) to allow 
metal-to-metal bonding of the semiconductor to a metallized diamond (or SiC) heat 
spreader (Fig. 14(b)) [Perez et. al., 2010; Rantamäki et. al., 2013]. Furthermore, the 
bonded assembly undergoes etching in a solution specifically targeting the substrate 
material, thus exposing the active region to air (Fig. 14(c)). The last step of flip-chip 
processing (Fig. 14(d)) is soldering the semiconductor/diamond assembly to a 
temperature-stabilized copper block.  

Contrary to the IC heat spreader approach, the flip-chip method allows 
manufacturing of VECSELs at the wafer scale, and it also avoids the usage of the 
expensive optical grade diamond. However, despite the many advantages the flip-
chip approach can offer, it requires additional design and processing aspects to be 
taken into account. One of the main considerations for a flip-chip design is related 
to the thickness and thermal conductivity of an available DBR for the particular 
wavelength region. AlAs/GaAs DBRs are considered to be advantageous, since 
AlAs and GaAs offer the highest refractive index contrast available (nH=3.5  nL=2.9), 
maintaining perfect lattice matching to a GaAs substrate. Large refractive index 
contrast permits reduction of the number of pairs needed for achieving 99.9% 
reflectivity and, thus, reduces DBR thickness, which leads to lower thermal 
impedance of a DBR, vital for an efficient flip-chip. One potential disadvantage is 
that the DBR, however thin, still remains an additional barrier between the active 
region and the cooling manifold representing a thermal impedance. In practice, the 
advantage of cost/processing and power scalability of flip-chip approach, outweigh 
the volume-limited cooling of the IC approach. 
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Figure 14.  Schematics of the flip-chip manufacturing. Where: (a) MBE/MOVPE deposition of an 
active region and a DBR onto a substrate, with the subsequent metallization by Ti 
(optional) and gold (left), and diamond metallization by gold (right); (b) metal-to-metal 
bonding of a VECSEL chip to a diamond with an intermediate gold layer; (c) substrate 
etching of the bonded assembly; (d) metal soldering of the VECSEL/diamond assembly to 
a water-cooled copper block. 

In such a way, the AlAs/GaAs DBRs are practical and easy to integrate into GaAs-
based VECSELs with emission spanning from 880 nm up to 1.3 μm (which is a limit 
for long wavelength emission of GaAs-based VECSELs). Meanwhile, VECSELs 
with emission shorter than 880 nm resort to AlAs/AlGaAs DBRs, which possess 
smaller refractive index contrast as a penalty for higher bandgap AlGaAs layers. 
Hence, when moving towards emission with shorter wavelengths, DBRs exhibit 
increased thickness and thermal resistivity (due to AlGaAs compounds having 
inferior thermal conductivity when compared to both AlAs and GaAs [Harrold et. 
al., 1994]). In that case, thermal conductivity of such DBRs can be increased by 
reducing the number of pairs and compensating the lacking reflectivity with highly 
reflective metal layers, such as, Al, Ag, Au [Rantamaki et. al., 2015]. Such metal layers 
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also serve as pump light reflectors, recycling part of unabsorbed pump light back 
into the active region.  

Another practical aspect of flip-chip design and fabrication is to match the 
coefficients of thermal expansion (CTE) between the DBR, the intermediate 
metal/dielectric layer, and the heat spreader [Moutanabbir et. al., 2010]. Since the 
gain mirror bonding to a heat spreader is performed under elevated temperatures, 
CTE mismatch can introduce strain into an assembly upon cooling of unevenly 
shrunken volumes. Rapid thermal dynamics of a pumped spot can lead to strain 
relaxation resulting in gain mirror de-bonding from a heat spreader with subsequent 
thermal damage, and by this leaving a burnt spot compromising operation in that 
chip area. Fig. 15 demonstrates such an occurrence, where Fig. 15 (a) shows 
photograph of a flip-chip before operation and Fig. 15 (b) shows photograph of the 
flip-chip after operation, where the burnt spot can be clearly visible.  

 

 

Figure 15.  Flip-chip before (a) and after operation (b) demonstrating gain mirror de-bonding and 
subsequent developing of the burnt mark at the pumping spot at the bottom of a chip.  

2.5 Wafer-fusion 

As it has been mentioned before, GaAs/AlAs DBRs are considered to be superior 
due to large refractive index contrast between pairs, which allows achieving the 
highest reflectivity by employing lower number of mirror pairs. However, the fact of 
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GaAs/AlAs lattice matching to a GaAs substrate limits its use for VECSELs with 
emission longer 1.3 μm, where usually InP-based AlGaInAs QWs with much larger 
lattice constant are employed [Karim et. al., 2000]. Typically, materials lattice-
matched to InP suffer from poor refractive index contrast, which results in thick 
DBRs with inferior thermal conductivity [Lindberg et. al., 2005]. Thus, 
conventionally, for VECSELs with emission wavelength greater than 1.3 μm, 
separate growth of a GaAs-based DBR and an InP-based active region sections is 
practiced, which is followed by the subsequent bonding of these two wafers [Sirbu 
et. al., 2011] using so-called wafer-bonding techniques. In this thesis, the wafer-
fusion, which can be classified as a direct bonding method, was applied for 
combining GaAs and InP wafers. Wafers prior to the fusion are carefully cleaned 
and treated by acids in order to remove oxide layers. The fusion process is performed 
at the temperatures exceeding 500 °C and under the pressures in the range of 3 kPa-
3 MPa. Such wafer-fusion technique, first applied to the long-wavelength VCSELs, 
enabled record emission at the challenging wavelength range of 1.2-1.6 μm 
[Lyytikäinen et. al., 2009; Rautiainen et. al., 2008].   

2.6 Optical pumping 

As it has been mentioned in the introductory section, optical pumping offers 
numerous advantages, namely, precise mode control and power scaling capabilities, 
as well as avoiding the necessity of material doping and electrical contacts processing. 
Pumping of a VECSEL is implemented in either two ways: barrier-pumping or in-
well pumping, illustrated in Fig. 16. Conventional barrier pumping (Fig. 16(a)) is 
implemented by means of a pump laser with photon energies that are higher than 
bandgap energies of the barriers, thus making the active region structure heavily 
absorbing within the whole volume. In the case of barrier-pumping, the absorbed 
photons of higher energy create electron-hole pairs along pump beam path, which 
subsequently diffuse into lower energy states, until they finally get trapped into QWs, 
where they radiatively recombine. A RPG section must be carefully designed with 
regard to a pump laser of choice. Thus, the number of QW groups (and number of 
QWs per group), as well as the thickness of cladding layers should be engineered in 
a fashion to keep all QWs pumped equally. At the same time, pump light has to be 
sufficiently absorbed within the active region in order to refrain its leakage into the 
DBR (especially if the DBR absorbs pump wavelengths).  
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On the other hand, the in-well pumping (Fig. 16(b)) involves a pump laser with 
photon energies lower than the barrier bandgap and higher than the QWs bandgap. 
Thus, the absorption of the pump light occurs solely in the QWs with little heat 
generation due to the negligent quantum defect compared to the barrier pumping. 
However, the very small volume of QWs results in a weak one-pass absorption of 
pump light. Hence, multi-pass pumping configuration are often employed for the 
in-well pumping, by means of recycling the pump beam multiple times within an 
active region [Beyertt et. al.,  2007]. For this, the DBR stop-band must extend to the 
pump wavelengths to permit multiple passes for the pump light. By means of the in-
well pumping, record output powers were demonstrated, owing to reduced internal 
heating [Mateo et. al., 2016]. 

 

Figure 16.  Optical pumping schemes of VECSELs: (a) the barrier pumping and (b) the in-well 
pumping. The pump photon energy in (a) exceeds that in (b). 

Generally, the design parameters of an active region of a VECSEL relies on the 
available pump lasers, since the active region design offers more flexibility than the 
emission wavelength of a pump laser. Pump lasers constitute the biggest part of a 
VECSEL overall cost, even though inexpensive commercially available multimode 
lasers are usually employed for VECSEL pumping. For instance, mid-IR and IR 
VECSELs are usually pumped with either 808 nm or 980 nm pumps. Advanced 
development of these lasers over the years has been motivated by the need for 
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efficient laser pumps for solid-state lasers (for pumping Nd and Yb ions) [Hughes 
et. al., 1992] and fiber lasers and amplifiers [Laming et. al., 1989]. Due to this, 
VECSELs heavily benefit from widely available inexpensive laser diode pumps with 
long lifetime at these wavelengths. Overall, VECSELs have relatively relaxed 
requirements for the pump light source parameters, contrary to solid-state lasers, 
where efficient absorption concentrated over narrow wavebands or happens at a 
certain polarization of pump light (Ti:Sapphire, Nd:YAG, Alexandrite) [Fan et. al., 
1988]. Furthermore, due to the thin-disk geometry of VECSELs (with thicknesses 
in the range of microns), there is no need for sophisticated pump optics in order to 
maintain an even longitudinal pump light profile inside the active region, unlike with 
solid-state lasers, where active media rods have dimensions in the range of 
millimeters to centimeters [Koechner et. al., 2006].  

On the other hand, the optical pumping of VECSELs emitting in the visible range 
is becoming more restrictive due to the scarce availability and the high-cost of pump 
sources. Frequency-doubled diode-pumped solid-state lasers (DPSSL) emitting at 
532 nm have been a typical pump source for many systems, including visible direct-
emitting VECSELs [Hastie et. al., 2005] and Ti:Sapphire lasers [Ell et. al., 2001]. 
Ironically, the commercial frequency-doubled IR VECSELs have become viable and 
lower-cost alternative for the DPPS lasers at the same wavelength ["Verdi G-Series 
| Coherent", 2019]. Recently, substantial progress in the development of high-power 
red laser diodes with emission around 640 nm has been achieved ["Coherent | 
DILAS: High-power diode lasers", 2019] and, by this, the pumping options for near-
IR direct-emitting VECSELs are expanding.  

2.7 VECSEL cavity 

The external cavity significantly adds to the VECSEL functionality. Besides offering 
a possibility for mode control enabling high brightness, it offers a possibility of 
inserting IC elements for numerous purposes. The external cavity allows easy and 
effective reconfiguration depending on the requirements. Fig. 17 illustrates the most 
common VECSEL cavity configurations.  
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Figure 17.  Conventional cavity geometries of VECSELs, where: (a) a linear cavity; (b) a V-cavity; (c) 
a V-cavity with a gain mirror as a folding mirror; (d) a Z-cavity with a SESAM; (e) a T-
cavity; (f) a linear cavity with DBR-free VECSEL in transmission; (g) a microchip cavity. 
The pump optics and pump light was not depicted here for the sake of schematic clarity. 

Fig. 17(a) schematically illustrates a generic linear cavity or I-cavity, which comprises 
a curved output coupler mirror and a VECSEL gain mirror. The laser mode 
geometry and cavity mode size at the gain mirror surface is defined by a radius of 
curvature (RoC) of the output coupler and a distance between the gain mirror and 
this mirror. Translational movement of an output coupler perpendicularly to the gain 
mirror surface plane is used to adjust the resonator mode size. The V-cavity depicted 
at Fig. 17(a, b) allows usage of one curved and one flat mirror or two curved external 
mirrors. The possibility to use a flat output coupler is considered beneficial due to 
the wider selection and availability of flat couplers rather than curved ones. A V-
cavity with two curved mirrors allows forming the mode waist inside the cavity, 
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which creates very high intensities of electric field, favourable for non-linear effects 
(frequency conversion, etc.). Fig. 17 (c) is a V-cavity with a gain mirror serving as a 
folding mirror. Positioning of a gain mirror at an angle, changes the optical 
thicknesses of an active region and a DBR. Therefore, such configuration allows 
manual shifting of the DBR stop band and adjustment of the micro cavity resonance 
as a function of the folding angle [Zhang et. al., 2017]. A Z-cavity (Fig. 17(d)) can be 
considered as the most flexible geometry, with five adjustable parameters (two RoC 
and three distances). The Z-cavity is instrumental for mode-locking, where it is 
crucial to create adjustable mode waists onto the both flat components (gain mirror 
and SESAM located at the right end of the cavity). Fig. 17(e) represents, a so called 
T-cavity, or a multi-chip interferometric cavity, where two interferometer arms 
creating Michelson interferometer can be considered as the linear cavities, which are 
coupled via a beam splitter [Nechay 2017]. Multichip cavities allow bypassing the 
thermal roll-over limitations set for one chip and, thus, increases the power 
scalability of VECSELs [Chilla et. al., 2007]. Fig. 17(f) shows a DBR-free [Yang et. 
al., 2016] or membrane external cavity surface emitting laser (MECSEL) [Kahle et. 
al., 2016], which does not employ the on-chip mirror, but instead it, operates in 
transmission. Such scheme permits superior thermal management in addition to the 
possibility of double-sided pumping [Kahle et. al., 2019]. A microchip VECSEL is 
shown at Fig. 17(g). In this particular case, the VECSEL cavity is composed of a 
DBR and, typically, a dielectric coating deposited onto the outer surface of an IC 
heat spreader. A microchip VECSEL allows quite limited mode control, since there 
are no adjustable parts. Mode control in such case is mainly implemented through 
thermal lensing [Kemp et. al., 2006]. On the other hand, single-frequency operation 
is more easily achievable in a microchip VECSEL due to the short resonator and 
therefore, the large FSR.  
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3 RESULTS FOR THE 750 NM DIRECT-EMITTING 
VECSELS  

The very first demonstration of a direct-emitting VECSEL at the 7XX nm 
wavelength range was done with InP QDs, although quite modest output powers (in 
the range of tens of miliWatts) were achieved [Schlosser et. al., 2009]. First Watt-
level output powers were demonstrated by means of the SHG from 1500-1580 nm 
VECSELs [Rantamäki et. al., 2012; Saarinen et. al., 2015]. Although, such an 
approach allowed achieving two orders of magnitude power increase, it is not 
efficient for frequency conversion to the UV, since forth-harmonic generation is 
substantially less efficient when compared to second-harmonic generation. Thus, 
this combination of factors has motivated the development of the direct-emitting 
VECSELs at this range. 

Several semiconductor heterostructure architectures have been proposed for 750 
nm VECSEL realization depicted at Fig. 18. Fig. 18 (a, b) shows QW design solely 
involving AlGaAs compounds, with different Al content for barrier and well layers, 
which influence carrier confinement. Obviously, the design depicted in Fig. 18 (b) is 
advantageous over (a) since it provides a higher level of confinement, which is 
beneficial for operation at elevated temperatures. Another approach, involving the 
same QW composition, but AlGaInP barriers, (Fig. 18(d)) possesses better 
confinement, especially for holes. Thus, these two designs involving 
AlGaAs/AlGaAs and AlGaAs/AlGaInP QWs were selected for implementation.  
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AlGaInAs QWs (Fig. 18 (c, e)) were not grown due to increased 
complexity in epitaxy

 

Figure 18.  Different proposed QW/barrier heterostructures designed for emission at 750 nm with 
increasing electron and hole confinement from a to e. 

The initial growth implementation of all-AlGaAs structures, performed by means of 
MBE with different microcavity resonances, did not yield operating VECSELs. 
Extensive characterization and post processing procedures were applied to the 
grown VECSEL structures. For instance, a sequence of rapid thermal annealing 
(RTA) treatments was performed to the structures in order to improve the gain 
structure’s crystal quality and thus to improve radiative properties. The RTA 
treatment recipe for the temperature and the treatment time have been 
experimentally developed. Fig. 19 shows a chart of PL intensity before and after 
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RTA treatment of different durations and temperatures. Before treatment, all 
VECSEL chips (3x3 mm2) were coated with a 200 nm SiO2 protective cap layer in 
order to prevent As diffusion from the structure surface, which was etched after 
treatment by buffered HF acid (BHF). 

As it can be seen from Fig. 19, the RTA treatment at 550 °C for a duration of 
3 minutes has been found to be the optimum, yielding the highest increase in PL 
intensity. Several chips underwent the same RTA treatment in order to obtain 
statistically averaged data.  

 

 

Figure 19.  PL intensity recorded after RTA treatments of different duration and temperature. The 
initial intensities of chips differ due to varying pumping conditions provided by the PL 
mapper. The correspondent altered intensities of the chips after the RTA treatment were 
normalized to the initial intensity of the particular chip, thus revealing the change of 
intensity as a result of a chosen treatment.  

In spite of the PL intensity increase after RTA treatment, lasing with the treated 
chips was still not achieved. Time resolved PL (TRPL) characterization was 
performed with the aim of measuring the carrier lifetime of the VECSEL structures. 
Fig. 20 shows the results of the VECSEL structures in comparison with a lasing 
reference sample at 1180 nm. As seen from Fig. 20, the 750 nm VECSEL 
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demonstrated substantially lower carrier lifetime in comparison to a strain-
compensated 1178 nm lasing sample. Not achieving lasing with these structures can 
be assessed as a consequence of short carrier lifetime.  

 

Figure 20.  Time resolved PL of an RTA treated 750 nm VECSEL in comparison with lasing reference 
sample @1178 nm, showing substantially lower carrier lifetime of the 750 nm VECSEL.  

After the first unsuccessful growth sequence of VECSELs, improved designs of 
VECSEL gain mirror were proposed. In particular, additional outer cladding layers 
with higher bandgap energies were integrated into the structure for better charge 
carrier confinement in the QW groups. Fig. 21 illustrates the bandgap profile of the 
two gain mirror designs: the first one involving an all-AlGaAs structure (a) [P1]; and 
the second structure with AlGaAs QWs and barriers, and AlGaInP cladding layers 
(b)[P2]. The both structures were realized, although with slight modifications, 
namely: the all-AlGaAs structure targeted longer wavelength emission 
(approximately at ~770 nm), whereas the AlGaAs/AlGaInP structure was meant to 
cover shorter wavelength side (with targeted emission at ~755 nm). 
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Figure 21.  Bandgap profile of the next generation active region design of the 750 nm VECSELs [P2], 
illustrating comparison of electron and hole confinement when utilizing different cladding 
layers, namely AlGaAs (a), and AlGaInP (b). 

This new generation of 750 nm VECSELs successfully lased and demonstrated 
multi-Watt laser emission [P1, P2]. Fig. 22 shows a long-exposure photograph of 
VECSEL operation in a linear cavity (pump light is filtered out from the 
photograph).  

Fig. 23 shows an exemplary cross-section SEM photograph of the 
AlGaAs/AlGaInP structure.  Fig. 24 shows the output power characteristics of the 
all-AlGaAs (a) and the AlGaAs/AlGaInP (b) VECSEL. The both wafers were 
cleaved into chips with size of 2.7×2.7 mm2. The chips were, in turn, capillary 
bonded to the IC uncoated flat diamond with the lowest birefringence among the 
available diamonds. The dimensions of the IC diamond were 3×3×0.35 mm3. The 
bonded chip-diamond assembly was then pressed against a copper heatsink mount 
with an aperture (with a diameter of ~2 mm). Indium foil was placed, in between 
the diamond-chip assembly and the copper heatsink plate to reduce thermal 
resistivity of the heat path. Subsequently, the chip-diamond assembly was clamped 
down to ensure the bonding (Fig. 10(a)). The heatsink temperature was kept at 14 °C 
during all experiments. The linear cavity was created with a curved output coupler 
with RoC of -100 mm (Fig. 22). The output coupler mirror was placed at a distance 
of 99.8 mm to create a pump-spot-matching mode size on the gain mirror surface. 
The highest output powers were achieved by utilizing a 3% output coupler, while 
the optimal pumping spot diameter for both structures was found to be around 
62 μm. 
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Figure 22.  Long-exposure photograph of 760 nm VECSEL operating in a linear optical cavity 
composed from VECSEL gain mirror assembly (right) and output coupling mirror (left) [P1]. 
Green pumping light was filtered out by means of a long-pass filter. 

 

 

Figure 23.  SEM cross-section of the AlGaAs/AlGaInP VECSEL active region (top) and part of the 
DBR (bottom). 
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Fig. 25 shows the tuning measurements that were performed in the V-cavity by 
means of inserting a birefringent filter with a thickness of 0.5 mm, where Fig. 25 (a) 
corresponds to the all-AlGaAs structure and Fig. 25 (b) to the AlGaAs/AlGaInP 
structure. Output spectra and power were measured as a function of birefringent 
filter rotation. Furthermore, the spectra were normalized and subsequently 
multiplied by the correspondent optical power values, thus resulting in a graph where 
the height of each spectral plot is linked to the output power values. 

 

Figure 24.  Power characteristics of the all-AlGaAs (a) and the AlGaAs/AlGaInP VECSELs (b) [P1, 
P2]. Insets of (a) and (b) show spectra near threshold and thermal-roll over in order to 
illustrate the spectral shift. 
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Thus, the AlGaAs QW direct-emitting structures have surpassed the previous results 
of the direct-emitting VECSELs at the same wavelength range by a factor of ~100 
[Schlosser et. al., 2009], yielding a maximum output power of 4.24 W (with the 
central wavelength around 770 nm) [P1] and 3.25 W (with the central wavelength 
around 755 nm) [P2]. 

 

Figure 25.  Tuning characteristics of the all-AlGaAs (a) and the AlGaAs/AlGaInP VECSEL (b) [P1, 
P2]. 
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The reflectivity profile of the OC mirror was quite flat within the whole tuning range 
and even wider (stopband of ~100 nm @760 nm), therefore, we assume the gain 
profile was a limiting factor for the tuning range, especially when the laser was tuned 
to the shorter wavelength side (Fig. 9 shows the DBR stopband). The usage of an 
HR mirror would probably increase the tuning range, especially for the operation at 
the longer wavelength side, by decreasing intracavity losses and thus increasing the 
band for net gain.  

Despite such notable output power increase, the direct-emitting structures with 
AlGaAs QWs exhibited certain drawbacks. One of the major drawbacks was short 
laser lifetime. Upon exposure to pump light, the maximum output power of the laser 
started to decline at a steady rate. Fig. 26 shows the measured output power as a 
function of time. The linear fit curve showed a degradation of 11% of initial output 
power per hour. The substantial power drop that occurred after around 7 minutes 
of operation can be attributed to a switch from single mode operation to multimode 
operation due to laser mode form redistribution. Such mode redistribution can be 
considered as a more detrimental factor compared to the steady linear power 
degradation, since the former destroys high-brightness operation of the VECSEL.   

 

 

Figure 26.  Output power of the AlGaAs/AlGaInP VECSEL as a function of time. The recorded curve 
illustrates laser structure degradation and steady output power decrease as a result after 
initial single-spatial mode collapse.  
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Degradation of the VECSEL structures could also be observed by means of the 
previously discussed large area PL imaging. Fig. 27 shows large PL photographs of 
the structure before (a) and after the laser operation (b). 

Furthermore, the AlGaAs/AlGaInP VECSEL structure exhibited peculiar 
polarization behavior [P2]. The polarization as well as the beam profile of the laser 
took different orientation and form when measured across the chip. Laser beam 
profiles recorded at the different chip location are demonstrated in Fig. 28, showing 
high-order spatial mode structures visible, as well as photographs of output beam 
peculiarities ― in the form of spurious light emission. The beam profiles were taken 
behind the OC mirror with an OPHIR Beamstar-FX-66-NT beam profile camera. 

 

 

Figure 27.  Large area PL macrophotograph of the 755 nm VECSEL before (a) and after (b) 
operation, demonstrating degraded areas, which correspond to pumping spots. Dark lines 
at the right side of the photograph correspond to surface scratches resulted from a 
bonding process. 
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Figure 28.  VECSEL beam profile variation across a chip recorded under the incident pump power of 
0.9 W (a) [P2]. Photograph of the output beam with visible halo around it (b) and 
photograph of the cavity showing signal light scattering off the gain mirror in horizontal 
plane (photograph done by means of long-pass filter, filtering green pump laser) (c). 

Thus, further experimental investigation of the polarization behavior of the structure 
(experimental setup shown at Fig. 29) was carried out due to the manifestation of 
these beam profile polarization and structural instabilities. Here, a polarizer was fixed 
at a certain position (Orientation I in Fig. 29(a)) corresponding to laser polarization 
immediately after the laser threshold was reached. After that the pump power was 
gradually increased, while the output power transmitted through the polarizer was 
simultaneously recorded, as well as the VECSEL beam profile. Furthermore, the 
polarizer was set to the orthogonal orientation (orientation II in Fig 29 (b)) and the 
experiment was repeated.  
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Figure 29.  Schematics of the experimental setup used for the investigation of the VECSEL 
polarization behavior under the increasing pumping. The output of the VECSEL was 
polarized by a Glan-Thompson polarizer with extinction ratio of 100000:1. 

The resultant output power curves were plotted in Fig. 30. As it can seen from the 
figure, there is an inverse feedback between the output power at orthogonal 
polarizations and pump power. Two conclusions can be drawn from the experiment: 
the first is that the polarization of the laser is not stable and it changes under the 
increase of pump power, and the second is that mode competition between 
orthogonal polarization modes is occurring. The beam profiles recorded at the same 
pump power but at the different polarizer orientations suggest non-overlapping 
intensity distribution of orthogonal polarization modes within the pump spot.  

Intracavity elements have the strongest impact on the polarization orientation of 
the VECSEL output. Intracavity heat spreader (if utilized) can contribute to the 
polarization selectivity, due to its residual birefringence or wedge. Thus, in the 
absence of polarization selective elements inside the cavity, polarization orientation 
of VECSEL is typically defined by the QW/QD gain anisotropy, as a consequence 
of the strain (if any). In this case, polarization orientation is aligned to the crystal 
axis, which are parallel to the growth plane. However, the polarization orientation 
switching under the increase of pump power is not a typical behavior of VECSELs.  

 
 



 

45 

 

Figure 30.  Output of the VECSEL measured as a function of pump power through a polarizer set in 
two orthogonal orientations. The laser mode with polarization orientation established at the 
laser threshold is called fundamental polarization mode [P2]. Insets reveal beam profiles at 
orthogonal polarizations under the same incident pump power.  

Fig. 31 shows the beam profile sequence of the transmitted output, recorded as 
a function of increasing pump power. In this case, the output was transmitted 
through the polarizer, which was set to transmit the fundamental polarization mode 
(mode with polarization orientation established at the laser threshold). Therefore, 
the beam profile sequence corresponds to the red curve from the previous figure, 
Fig. 30.  
 

 

Figure 31.  The beam profile evolution of the orthogonal polarization mode transmitted through the 
polarizer under increasing pump power [P2]. 

The polarization instabilities of AlGaAs/AlGaInP VECSEL can be attributed to the 
ordering effects of the AlGaInP claddings [Moritz et. al., 1995; Gomyo et. al., 1988.]. 
Ordering of AlGaInP and GaInP material is a studied phenomena occurring in these 
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particular material systems and leads to bandgap shrinkage and ordering-induced 
birefringence due to the breaking of crystal cubic symmetry [Wirth et. al., 1998.]. 
Although the AlGaInP layers play a passive role serving as pump-absorbing layers, 
they constitute the majority of active region volume of a VECSEL and thus greatly 
influence the laser operation.   

In conclusion, the 750 nm direct-emitting VECSELs exploiting AlGaAs QWs 
permitted achieved multi-Watt level output powers, which are two orders of 
magnitude higher compared to that of the previously demonstrated QD-based 
VECSEL. However, low laser lifetime, mode redistribution due to material 
degradation, and polarization instabilities render the state-of-the-art direct-emitting 
VECSELs impractical. This is especially true, as one of the key prospects of the 750 
nm direct-emitting VECSEL is the possibility for frequency conversion down to the 
UV waveband, which in this case cannot be efficiently implemented with these 
structures, due to aforementioned drawbacks.  
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4 1.5 μM WAFER-FUSED VECSELS 

Semiconductor lasers emitting at 1.5 μm are traditionally associated with optical 
fiber-based telecommunication technologies. The wavelength-dependent loss 
mechanism of the silica fiber, with minima centered at 1.55 μm, has driven the rapid 
world-wide development of transceivers and amplifiers. The development timing of 
low-loss fibers [Miya et. al., 1979] coincided with a breakthrough in semiconductor 
lasers. Thus, the optical communication systems have employed InP-based diode 
lasers with emission at 1.5 μm as transmitters, stimulating great advances in this type 
of semiconductor laser.  In the context of this thesis InP-based 1.5 μm VECSELs 
were developed and studied as a viable alternative for achieving 750 nm emission via 
frequency doubling. 

Typically, 1.5 μm emission can be generated by means of AlGaInAs QWs grown 
on an InP substrate. However, as it has been noted before, there is a notable lack of 
high index contrast materials that can be lattice-matched to InP. This fact results in 
DBRs of substantial thicknesses, which leads to poor thermal conductivity, 
rendering them impractical for implementation in a flip-chip configuration. Thus, in 
order to implement InP-based active regions with thin DBRs suitable for flip-chip 
configuration, wafer bonding of GaAs-based DBRs is applied. Worth mentioning 
here is that a VECSEL with a monolithically grown active region structure involving 
dilute nitride quinternary QWs (GaInNAsSb) and a GaAs DBR has been 
demonstrated [Korpijärvi et. al., 2015], although output powers achieved with that 
approach were very modest, in the order of hundreds of miliWatts.  

The work here focused on 1.5 μm VECSELs has taken three main directions: the 
first one is the demonstration of a 1.5 μm flip-chip VECSEL which paves the way 
for inexpensive, mass-produced VECSELs at this wavelength range; the second one 
is the demonstration of a novel QD-based active medium, which has certain benefits 
in comparison to QWs; the third is the realization of frequency conversion from 1.5 
μm to 750 nm. 
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4.1 Flip-chip wafer-fused VECSEL emitting at 1.5 μm 

A flip-chip thermal management scheme can be considered superior over intracavity 
heat spreaders, as has been noted previously. However, realization of flip-chip 
VECSELs largely depends on the material system of the VECSEL. Thus, the main 
aspects that can impede obtaining flip-chip VECSELs are: a thick DBR with low 
thermal conductivity, and the availability of etchant/etch-stop combinations for 
precise layer processing and surface finish. The 1.5 μm VECSELs demonstrated in 
this thesis  are composed from an InP-based active region and a GaAs-based DBR, 
which were combined by means of the wafer-fusion technique described in [Sirbu et 
al, 2011]. Thus, first separately grown wafers were brought together by applying 
force of 7000 N for 30 min under the temperature of 600 °C. After that, the resulting 
fused wafer underwent selective etching of the GaAs substrate to expose the DBR. 
Subsequently, the DBR was metallized first with 5 nm thick Ti layer and then with 
150 nm thick Au layer. The same metallization was applied for the polycrystalline 
diamond submount. Afterwards, the fused structure was diced into chips, typically, 
with dimensions of 3x3 mm2. Further metal-to-metal bonding of the chip to the 
diamond submount was executed. Finally, the bonded chip-diamond assembly 
underwent etching of the top InP substrate in HCl, by this exposing the top surface 
of the chip. After that, the assembly was ready for laser operation and was further 
mounted onto a cooled copper heatsink surface by means of silver paste. The 
resultant structure therefore had two wafer/fusion interfaces between thin films of 
semiconductors. Fig. 32 shows the flip-chip gain mirror structure [P3]. 

The presence of multiple fusion/bonding interfaces somewhat limits the 
potential manipulation and operational margins of the structure. Different CTEs of 
layers that are to be combined may lead to accumulation of strain upon cooling. 
Thus, if materials with closely matching CTE are not available, temperature of the 
fusion/bonding has to be decreased in order to mitigate any introduced strain levels. 
On the other hand, the CTE of the heat spreader can be tailored accordingly to the 
values of the semiconductor material, by means of using composite materials, for 
instance, a copper diamond composite [Yoshida et. al., 2004]. As discussed in chapter 
2.4.2, unmatched CTE coefficients between the layers and the heat spreader, when 
combined at high temperatures, may lead to strain relaxation, followed by layer 
debonding, which result in thermal damage under intensive pumping. Such behavior 
was observed with the demonstrated 1.5 μm flip-chip VECSELs. 
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Figure 32.  Schematic cross-section of the flip-chip gain mirror structure [P3]. The fusion and bonding 
interfaces are marked with doted long lines.  

Fig. 33 shows a large area PL photograph of the flip-chip before operation (a), right 
after operation (b), next day after operation (c) and one week after operation (d). As 
it seen from the figure, the structure before operation already had already contained 
numerous of dark lines, presumably due to processing manipulations and handling. 
It is clearly visible that pumping resulted in optical damage of the structure, likely 
due to strain relaxation. Fig. 33 (b) shows four dark damaged areas with no 
photoluminescence that correspond to the four pumping spots (marked with dashed 
circles). Worth noting is that the structure continued developing new dark lines 
(marked with dotted-dashed circles in Fig. 33(c, d)), adjacent to the damaged areas, 
within the next week, even though flip-chip was not in operation since the second 
photograph (Fig. 33 (b)) was taken.  
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Figure 33.  PL photograph of the flip chip: before operation (a); right after operation (b); one day after 
operation; (d) one week after operation. Dashed circles in (b) highlight damaged areas due 
to the pumping, whereas dotted-dashed circles in (c, d) highlight cracks, developed later.  

Optimization of the semiconductor-to-heat-spreader bonding allowed better 
quality flip-chips to be achieved (Fig. 34 upper inset), which demonstrated 3.65 W 
of output power under 32 W of incident pump power [P3] (Fig. 34). However, the 
obtained values have not exceeded the record values achieved with the IC wafer-
fused VECSELs with the similar active regions at the same wavelength range, 
reported in [Rantamäki et. al., 2012]. Although, in this work, when comparing to the 
IC chips, a substantial increase of the pumping spot size was possible, namely: 470 
μm for the flip-chip, versus 220 μm for the IC chip. Thus, the bigger pump spot will 
enable further power scaling and eventually the results achieved with the IC 
VECSELs to be surpassed. A diamond heat spreader submount with larger 
dimensions can considerably increase heat extraction capabilities, delaying thermal 
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roll-over and allowing achievement of higher output powers, lying beyond the 
capabilities of the IC thermal management approach.  

 

 

Figure 34.  Output power of 1.5 μm flip-chip VECSEL as a function of nominal incident pump power. 
Upper inset shows the PL photograph of the good quality chip, while lower inset 
demonstrates recorded beam profile at 30 W of incident pump power. Results were 
published in [P3]  

However, the structure has shown low tolerance for losses (the maximum output 
coupling ratio that could be used was ~3.5 %), which negatively affected the width 
of the tuning bandwidth (measured to be around 30 nm). The gain peak during 
tuning measurement, performed by means of inserting a birefringent filter, was 
tightly locked to 1537 nm, where supposedly the microcavity resonance of the 
structure was located. Interestingly, when the laser spectrum was forced to operate 
away from this resonance wavelength, a sudden spectral change was observed, 
shown in Fig. 35. As it seen from the figure, the spectrum possesses clear equidistant 
spacing, with the FSR of 1.68 nm, which coincides with the FSR that the backside 
diamond heat spreader would create. This fact suggests that some portion of the 
signal light is leaking through the DBR and creating feedback with the backside 
diamond heat spreader working as an etalon.  

These facts are evidence that the DBR reflectivity is not optimized, since it 
transmits substantial amount of light through. Therefore, this constitutes one of the 
loss mechanism that should be mitigated in order to enhance the flip-chip 
performance. Utilizing Findlay-Clay analysis, the total intracavity losses (excluding 
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output coupler mirror transmission) are estimated to be more than 3%, which is a 
somewhat high number, explaining the quite low achieved power and narrow tuning 
curve. 

 

 

Figure 35.  Single spectrum of the flip-chip, when the laser spectrum was tuned away from the 
microcavity resonance wavelength (at 1537 nm) by means of the birefringent filter. 
Presence of spectral fringes can be an indicator of the signal light leakage through the 
DBR into the backside diamond heat spreader. 

In conclusion, the first 1.5 μm flip-chip VECSEL has been demonstrated in [P3]. 
The development of flip-chip VECSELs paves the way for inexpensive, mass 
produced VECSELs, which manufacturing can be done on a wafer scale, unlike IC 
VECSELs. In addition, omitting an expensive intracavity diamond heat spreader 
allows obtaining undistorted beam profiles (not influenced by the birefringence of 
heatspreaders [Friel et. al., 2009]), lower intra cavity losses (again, due to the absence 
of additional birefringence [Kim et. al., 2007]) and eventually higher output powers.  

4.2 1.5 μm Quantum Dot VECSEL 

Although QWs are conventionally employed in the active regions of the most 
VECSELs, QD-based VECSELs can offer advantageous lasing features such as: 
increased temperature stability [Germann et. al., 2008], lower threshold values, 
broader gain bandwidth, and correspondently broader tuning capabilities [Butkus et. 
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al., 2011]. On the other hand, when compared to QWs, QDs suffer from lower 
modal gain, due to smaller gain volume and wider gain distribution inherent to QD 
size dispersion [Bimberg et. al., 1997; Skolnick et. al., 2004]. Thus, most QD-based 
devices typically demonstrate output powers one order of magnitude lower than that  
of QW-based devices, which is particularly true for the 1 μm wavelength region (Fig. 
36, which was adopted from [Al Nakdali et. al., 2015; Guina et. al., 2017]). When 
moving away from the 1 μm region, the situation shifts in the favor of QDs, where 
they allow generation of emission at wavelengths beyond the scope of QWs [Butkus 
et. al., 2010.]. In this thesis, the very first InP-based QD VECSEL with fundamental 
emission at 1.5 μm has been demonstrated [P4]. The output powers exceeded 2.2 W 
with wavelength tuning of 60 nm. This result lies within the same order of magnitude 
of the demonstrated 1.5 μm QW VECSELs, which makes the former an attractive 
light source alternative at this wavelength range!  

 

Figure 36.  Wavelength mission map of QW and QD VECSELs plotted in terms of their output powers. 
Adapted from [Guina et. al., 2017; Al Nakdali et. al.,2015] 

 
The QD VECSEL structure was comprised of an InP-based active region and an 

GaAs-based DBR section. The active region consisted of Stranski-Krastanov grown 
InAs QDs that were deposited utilizing double cap procedure (QD layers that were 
encapsulated by Ga0.2In0.8As0.435P0.565 alloy with a typical bandgap of 1.18 μm). This 
allowed independent control of QD density and emission wavelength [Paranthoen 
et. al., 2001]. Fig. 37 shows the QD density measured by means of AFM on a single 
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uncapped QD layer as a function InAs monolayer (ML) thickness. By increasing the 
thickness of the InAs ML from 1 to 2.5, the QD density was increased from 5x1010 
cm-2 up to the value of 11x1010 cm-2. High-density QD layers were organized into 
five groups with four layers per group and placed at the antinodes of a simulated 
electric field within the microcavity. The resonant design of the structure allowed 
round trip gain enhancement (which in case of the QDs is typically quite small), but 
at the same time it increased the temperature sensitivity of the structure. The 
structure employed the IC heat spreader thermal management.  

 

Figure 37.  QD density (black) and wavelength (red) variation as function of the InAs monolayers 
(MLs). Insets (a) and (b) are AFM scans (0.5x0.5 μm²) of the uncovered QD for InAs with 
a thickness of 1 and 2.5 MLs respectively [P4]. 

The obtained results with 1.5 μm QD VECSELs are summarized in Fig. 38 and Fig. 
39. The maximum output power was obtained with a pump spot/mode size ratio of 
220/180 μm, and the optimum transmission of the output coupler was found to be 
<1%. The grown structure exhibited variation in the active region thickness across 
the wafer, which led to the fluctuation of the microcavity resonance as a function of 
the wafer location. Thus, it was possible to experimentally determine the optimal 
value of the detuning factor (difference between the room temperature PL and the 
microcavity resonance wavelength). The chip #2 demonstrated the highest output 
power of 2.25 W. The detuning of that chip can be estimated to be around 5 nm 
(much lower value in comparison to the typical detuning of QW VECSELs), which 
can be explained by much broader QD peak gain and its slower temperature-induced 
red shifting.  
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Figure 38.  (a) Output power characteristics of three chips taken from different wafer locations. Lower 
inset shows threshold spectra of corresponding chips. Upper inset shows exemplary beam 
profile at 22 W of incident pump power [P4]. (b) Spectra of chip #2 recorded as a function 
of the incident pump power.  

Fig. 39(a) presents a tuning curve that was measured by means of intracavity 
birefringent filter rotation (0.5 mm thickness) under constant incident pump power 
of 12 W. Fig. 39(b) presents the polarization behavior of the structure. In order to 
conduct this experiment, a 2 mm thick fused silica plate was subsequently inserted 
inside the cavity at two orthogonal orientations to enforce laser operation at the P- 
and S-polarization. The fused silica plate, unlike a birefringent filter, did not influence 
spectra besides introducing an additional etalon with a very narrow FSR. Thus, it 
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was possible to measure the differences in laser efficiencies when operating at the 
different polarizations, as well as slightly different spectra.  

 

Figure 39.  (a) Tuning characteristic of the QD VECSEL under 12 W of incident pump power, recorded 
as a function of the birefringent filter rotation [P4] (b) Output power curves as a function of 
incident pump power, at two predetermined polarization orientations of the laser [P5].  

In conclusion, the first realization of the InP-based QD VECSEL with the 
emission at 1.5 μm allowed the achievement of excellent results, both power- and 
tuning-wise. The power characteristics of the QD VECSEL at theses wavelengths 
are on par to the QW VECSEL, which in this context can be considered outstanding 
given the different stages of development maturity of the two gain media types. 
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4.3 Frequency conversion of the 1.5 μm VECSELs down to 750 
nm 

This chapter summarizes the results concerning the second-harmonic generation to 
750 nm, utilizing the 1.5 μm VECSELs. Two structures have been employed for this 
frequency conversion. The first one is the QD-based structure that was described in 
the previous chapter, whereas the other one was a QW VECSEL with 12 AlGaInAs 
QWs and an active region very similar to the one reported in [P3]. The fused DBR 
section was identical for these two structures, consisting of 29 pairs of AlAs/GaAs 
(with pairs thicknesses of 134 nm and 114 nm correspondently) for the reflection of 
the signal wavelength, and 11 pairs of AlAs/GaAs (with thicknesses of 83 nm and 
70 nm correspondently) for the reflection of the 980 nm unabsorbed pump 
wavelength. The IC heat spreader approach was applied for both of the structures. 

A BiBO nonlinear crystal with length of 5 mm was utilized for the SHG 
experiment. The BiBO crystal was not temperature controlled and was used for the 
critical phase matching. Fig. 40 shows a composite photograph of the experimental 
setup (at dark and at illuminated conditions). 

 

 

Figure 40.  Composite photograph of the V-cavity with a BiBO crystal (in the round rotational mount) 
and the birefringent filter inside the resonator generating visible 750 nm emission. 
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Fig. 41 illustrates the schematics of the laser resonator designed for the SHG. 
The resonator geometry remained identical for the SHG experiment for both the 
QD and the QW VECSELs. Both curved mirrors were highly reflective for the 
fundamental wavelength (>99.8%) and highly transmitting for the SHG wavelength 
(>95%). 

 

Figure 41.  Schematically depicted resonator design for the SHG experiments [P5].  

Fig. 42 shows power characteristics of the SHG from the QD (a) [P5] and the QW 
VECSELs (b). The highest output power for the QD VECSEL was achieved with 
the birefringent filter inside the cavity, whereas maximum output power for QW 
VECSEL was achieved without one. The SHG light was measured behind one of 
the mirrors and multiplied by a factor of two, whereas fundamental emission was 
simultaneously measured from the other output with appropriate filters. Notably, 
intracavity powers are approximately equal in the case of the two VECSELs under 
the same amount of incident pump powers. Beam profiles are shown as insets in  
Fig. 42. The ellipticity of the beam profiles is a result of a spatial walk-off within the 
BiBO crystal.  
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Figure 42.  Output powers curves (left axis) of SHG emission of the QD (a) [P5] and the QW 
VECSELs (b) as a function of the incident pump power. Right axis shows transmitted 
power at the fundamental wavelength as a function of the incident pump power.  

Fig. 43 shows the output spectra of the SHG from the QD and the QW VECSELs 
as a function of the pump power [P5]. The SHG spectrum obtained with the QD 
VECSEL (besides red shifting at much slower rate) is narrower when compared to 
the QW VECSEL because of the use of the birefringent filter. Since the FWHM of 
the QD VECSEL at the fundamental wavelength is intrinsically wider, the use of the 
birefringent filter is instrumental for the efficient frequency conversion, due to the 
BiBO crystal’s acceptance bandwidth of 7 nm.  
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Figure 43.  Output spectra of QD (a) [P5] and QW VECSELs (b) as a function of incident pump power. 

The results of tuning experiments are shown in Fig. 44, where tuning of the QD 
VECSEL was done under 12 W of incident pump power [P5], and for QW VECSEL 
at 11 W of incident pump power. The tuning was performed by means of intracavity 
birefringent filter rotation. 
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Figure 44.  Tuning curves of the QD (a) [P5] and the QW VECSEL (b) under 12 and 10 W of incident 
pump power respectively.  

In conclusion, the frequency conversions from the QD and the QW VECSELs have 
yielded 1.2 W (with central wavelength at 763 nm) [P5] and 2.3 W (with central 
wavelength at 784 nm), respectively. Wavelength tuning was realized from 737 nm 
to 779 nm for the QD VECSEL and from 758 nm to 794 nm for QW VECSELs. 
Although QD VECSELs have resulted in lower output power values, they have 
demonstrated much smaller spectra shift as a function of the pump power and wider 
tunability curve when targeting a shorter wavelength range. On the other hand, SHG 
QW VECSELs have demonstrated output powers that have surpassed previously 
reported values and have approached closer to the output power values of direct-
emitting devices.  
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5 CONCLUSIONS 

This thesis has taken different approaches of generating emission at the 750nm 
wavelength region by utilizing VECSEL technology. The first VECSELs, employing 
AlGaAs QWs, with direct multi-Watt emission at 740-780 nm wavelength range 
were developed. Despite the substantial increase in obtained output power, the 
VECSELs with AlGaAs QWs have exhibited short lifetimes rendering them 
currently impractical. In addition to VECSELs with AlGaInP claddings exhibited 
the polarization instabilities and related to this poor beam profile at the high pump 
powers. 

At the 1.5 μm wavelength range the first wafer-fused flip-chip VECSEL was 
demonstrated. This thermal management scheme allowed avoid usage of the 
intracavity heat spreader approach, and by this, paving the way for wafer scale 
manufacturing. Furthermore, as an alternative to the QW active regions, a novel gain 
mirror based on QDs has been developed, which resulted in emission at the same 
power level as the 1.5 μm QW VECSELs. 

As a last part of the work, frequency conversion from 1.5 μm to 750 nm region 
has been performed. The achieved emission can be considered as a viable alternative 
to the direct-emitting devices, since the 1.5 μm VECSELs do not suffer from poor 
lifetime and polarization issues, although with a penalty of slightly reduced output 
power.  

Future work on direct-emitting 750 nm VECSEL could focus on development 
of active regions composed of alternative semiconductor compounds. In particular, 
one should improve the laser lifetime to the practically acceptable levels. In this 
particular case, compounds as GaAsP can be considered as a valuable alternative for 
the QWs. However, taking into account GaAsP lattice constant, the structure will 
accumulate strain during the growth, thus design of such active region involving 
GaAsP QWs must include appropriate strain compensating layers. On the other 
hand, fabrication of ordering-free AlGaInP claddings is another research direction 
that can be found beneficial, taking into account large bandgap values that AlGaInP 
can offer.  

Thermal management of the direct-emitting VECSEL at this wavelength range 
further can take two main research direction: developing flip-chip VECSELs and 
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membrane VECSELs. DBR-free or membrane VECSEL can allow superior cooling 
capabilities.  

Generally, the problem of heat management can be tackled from two different 
angle: either by increasing cooling capabilities (which is the goal of efficient thermal 
management) or by decreasing heat generation in an active region, which can be 
done by means of decreasing the quantum defect by utilizing a lower energy pump. 
Therefore, pursuing this development direction, the 532 nm pump can be 
substituted by the 640 nm red laser diode pump, which have become much more 
available with the reduced price per W. Thus, employment of the longer wavelength 
pump coupled with appropriate redesigning of active region may be an alternative 
solution, contrary to the limited options of thermal managements. With the same 
idea of reducing the heat generation, the concept of quantum well pumping can be 
utilized.   

Therefore, combination of research in the above-mentioned directions may lead 
to the development of more mature direct-emitting VECSELs with a longer lifetime 
and absence of polarization-related issues. Such devices will then allow an efficient 
second-harmonic generation of high-brightness tunable UV emission at the 350-400 
nm, which will benefit many applications, such as quantum technologies and AMO 
field in general.  

 On the other hand, further development of the 1.5 μm flip-chip VECSELs is 
another promising alternative, since flip-chip thermal management allows significant 
power scaling potential, which may result in tens of Watts of output power.  
Therefore, even when considering lower generation efficiencies of the 700–800 nm 
emission by means of SHG, a matured 1.5 μm flip-chip VECSEL may result in 
converted output power levels that will eventually be much greater than those of the 
direct-emitting devices. In parallel, if tens of Watts of output power would become 
available from 1.5 μm flip-chip VECSELs, frequency quadrupling can be considered 
as a good alternative to the SHG of direct-emitting VECSELs (in case of the lack of 
the progress on that account).  
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An optically pumped vertical-external-cavity surface-
emitting laser (VECSEL) for direct emission in the 740–
790 nm wavelength region is reported. The gain structure
is based on 12 AlGaAs quantum wells. We demonstrate
wavelength tuning between 747 nm and 788 nm and
free-running operation with a maximum power of 4.24 W
(pump power limited) for a heat sink temperature of 14°C.
This laser system addresses a spectral gap not currently
covered by VECSEL technology and represents the most
powerful VECSEL reported within the 7XX-nm wavelength
region. © 2018 Optical Society of America

OCIS codes: (140.7270) Vertical emitting lasers; (140.3600) Lasers,

tunable; (140.5960) Semiconductor lasers.
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Vertical-external-cavity surface-emitting lasers (VECSELs)
were realized for the first time [1] about two decades ago.
These lasers have gained a lot of attention in recent years
due to their wavelength flexibility and due to the open resona-
tor [2], which enables the use of a variety of intracavity optical
elements, such as spectral filters or frequency converting ele-
ments. In previous work on AlGaAs-based VECSELs, GaAs
quantum wells (QWs) were used to address wavelengths
around 850 nm [3–6]. The spectral range from 700 nm to
800 nm has been barely covered by optically pumped
VECSELs with a gap around 765 nm. To address this wave-
length range, different methods have already been applied. The
use of InP quantum dots as laser active material opened first
access to fundamental TEM00 emission from 716 nm to
755 nm [7] with VECSELs. Hereby, output powers in the
sub-100 mW range were achieved. With Raman conversion
of a red VECSEL [8], the wavelength range from 736.6 nm
to 750.4 nm could be addressed. Also, a volume holographic
grating stabilized VECSEL, solely operating at 780 nm and
delivering a maximum output of 30 mW, was realized [9].

Further, with wafer-fused gain structures applying intracavity
second-harmonic generation (SHG), the spectral range from
720 nm to 764 nm [10] and emission at 785 nm [11] could
be realized, reaching an output power of 1.5 W and 1 W, re-
spectively. The 780-nm-range was also addressed recently with
a distributed-feedback laser [12] to realize narrow linewidth
operation.

The spectral range between 700 nm and 800 nm is highly
interesting for a variety of medical applications in the field of
dermatology [13], thanks to the optimum penetration depth
into human skin [14,15]. To this day, alexandrite lasers
[16,17] are used to address these wavelengths of medical inter-
est. Also in atomic physics [18], several useful energy transitions
(rubidium Rb, 780 nm and potassium K, 766 nm [19]) lie on
this spectral region. Furthermore, the new and efficient mag-
netically activated and guided isotope separation (MAGIS,
[20]) method could strongly benefit from a 770 nm laser to
excite the 4s2S1∕2 energy transition in potassium [20,21].

In this Letter, we present a VECSEL structure designed for
fundamental laser emission in the long 700-nm wavelength re-
gime. The architecture of the AlGaAs-based VECSEL gain chip
as well as results of characterization are presented below. The
VECSEL structure was grown on an undoped 2 0 0 GaAs
�100� � 0.5° wafer in a V80H-10 VG Semicon solid source
molecular beam epitaxy (MBE) system at a growth temperature
of about 575°C. A GaAs buffer layer was first grown on the
substrate followed by a distributed Bragg reflector (DBR) con-
sisting of 33.5 pairs of λ∕2-thick AlAs and Al0.25Ga0.75As layers
to create a broadband reflectance of RDBR > 99.9% centered at
the design wavelength of 765 nm. The active region was grown
directly on top of the DBR. The structure was designed to be
resonant and completely symmetric. The refractive index as
well as the simulated electric field intensity distribution at
the design wavelength are plotted in Fig. 1. The active region
consists of 12 Al0.12Ga0.88As QWs with a thickness of about
7 nm each, arranged in four groups of three QWs each.
The QWs are separated by 8 nm thick layers of
Al0.4Ga0.6As and are also embedded with 12 nm of the same
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material. As cladding material separating the QW groups, we
employ Al0.5Ga0.5As, which has an absorption edge at
∼576 nm [22]. The active region was sandwiched between
10 nm thick AlInP and GaInP layers, which help in blocking
the electron diffusion and act as a window layer at the semi-
conductor–heat spreader interface, respectively. No thinning
or other processing steps were applied. The sample was cleaved
into 2.7 × 2.7 mm2 pieces, which were liquid capillary bonded
[23] to an uncoated 3 × 3 mm2 sized and 300 μm thick
single crystalline intracavity diamond heat spreader. The heat
spreader gain chip package is then further mounted to a
thermo-electrically controlled copper heat sink, which is cooled
via a water/glycol cooling system. The gain chip was incorpo-
rated in both a linear (see Fig. 2) and a v-shaped laser resonator
(for details, see schematic Fig. 3), the former to allow optimized
power performance, the latter to allow incorporation of a
birefringent filter for spectral control. As a pump laser, we used
a coherent Verdi V18 emitting at λpump � 532 nm. The colli-
mated pump beam (∅ � 2.25 mm) was focused on the
VECSEL chip with an anti-reflection coated lens (f �
200 mm). The angle of incidence β of the pump beam was
about 17.5° in both the linear and v-shaped resonators. This
resulted in a �18.3� 0.3�% reflection of the incident pump
beam on the diamond–air interface. The pump lens distance
was kept at �197� 1� mm, which results in a calculated pump

spot diameter (short axis) of Dpump � �62.5� 2.8� μm. This
pump spot diameter, and therefore the pump lens distance, was
kept the same in all measurements presented in this Letter be-
cause it yielded the optimal performance. This means to adjust
the laser resonator length to maximum output power while
maintaining fundamental TEM00 mode. At this condition,
the pump spot diameter is equal to or slightly larger than
the mode diameter but still small enough not supporting higher
order transverse modes. For the linear resonator, the length was
adjusted to ∼99.8 mm, which results in a calculated mode
diameter of ∼64 μm on the VECSEL chip. In all measure-
ments, the heat sink temperature T hs was kept at 14°C.
The spectrometer with which all spectral measurements pre-
sented in this Letter were taken, was a StellarNet BLUE-
Wave with a resolution limit of 0.8 nm. Due to the relatively
low resolution of the spectrometer, Fabry–Perot resonances
caused by the plane-parallel intracavity diamond heat spreader
are not visible in the measured spectra. Namely, at a laser wave-
length of 765 nm, the calculated free spectral range is around
0.4 nm for the 300-m thick diamond.

A photograph of the operating AlGaAs-VECSEL in the lin-
ear resonator is shown in Fig. 2. The heat sink-mounted
VECSEL chip is located on the right side. A highly reflective
(HR) mirror with a radius of curvature of rHR � 100 mm and
diameter of 1∕2 0 0 located on the left side completes the linear
resonator. The HR external mirror was used instead of an out-
coupler to enhance the intracavity circulating power. The used
720 nm long-pass filter prevents over-exposure by visible wave-
lengths. Therefore, the pump laser beam is not visible. For
optimized power performance characterization of the laser,
we employed the linear cavity as shown in Fig. 2. It was oper-
ated with an outcoupler with a reflectivity of Rout;curve � 97%
and a radius of curvature of rout � 100 mm. Figure 4 shows
the output power of the free-running VECSEL as a function of
incident pump power for the linear cavity. A typical linear
input–output behavior with a slope efficiency of ηdiff �
27.1% can be seen. The laser threshold appears at a pump
power of Ppump;thr: � 0.38 W. A maximum output power
of Pout;max � 4.24 W was obtained. A thermal rollover could
not be clearly identified, but it seems to appear at maximum
pump power. Due to a limited amount of pump power (18 W)
available in this work, a more detailed investigation was not
possible. Measurements of the laser emission spectrum, plotted

Fig. 1. Design of the active region of the gain chip is shown in this
figure. Refractive index as well as simulated electric field distribution is
plotted versus cross-section distance in the chip.

Fig. 2. Long-term exposure (30 s, Canon EOS 650D) photograph
of the AlGaAs-VECSEL operated in the linear resonator. On the left
side, one can see the HR external mirror; on the right side, the
VECSEL chip (origin of the intracavity beam) is mounted.
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Fig. 3. Schematic drawing of the v-shaped cavity used for the tuning
measurements (see Fig. 5). The beam profile (see Fig. 6) and the power
transfer measurement at the fixed wavelength of 780 nm (see Fig. 7)
were also taken in this configuration.
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in the inset of Fig. 4, show the full span of thermal shift that
could be observed during the input–output measurement. The
laser emission peak maximum shifts from 765 nm, obtained at
very low pump powers, to 773 nm at the highest power, and
consequently the full width at half maximum (FWHM) in-
creases from 3.2 nm to 4.9 nm. Taking into account the quan-
tum efficiency ηquant � λpump∕λout, this is not surprising,
because about 30% of the absorbed pump power is directly
transferred into heat.

Wavelength tuning measurements (see Fig. 5), the beam
profile measurement (see Fig. 6), and the power transfer mea-
surement at a fixed emission wavelength of 780 nm (see Fig. 7)
were performed in the v-shaped resonator (see Fig. 3). Tuning
measurements were performed via rotating the intracavity bi-
refringent filter to different angles to obtain information about
the spectral distribution of the residual gain bandwidth. It is
delivered by the material gain influenced by sub-cavity, heat
spreader, birefringent filter, and cavity resonances, including
all losses in the present VECSEL system. Several exemplary
emission spectra normalized to the corresponding output
power are shown in Fig. 5. The measurements were performed
for the v-shaped cavity with a HR folding mirror M1
(rfold�75mm) and a planar outcoupler M2 (Rout;plan � 97%).

Incident pump power during the tuning measurement was
Ppump;inc: � 9.6 W. The thickness of the used birefringent fil-
ter was 0.5 mm, resulting in a free spectral range of ∼130 nm
for laser wavelengths around 765 nm. A tuning range of
40.5 nm, i.e., from 747.5 nm to 788.0 nm, was attained.
In Fig. 5 also, photoluminescence (PL) emission curves, cen-
tered at ∼757 nm and belonging to the two long-wavelength
laser emission spectra, are part of the measured data. This is the
case, as the spectra were measured from one of the low-power
reflections from the birefringent filter’s surfaces. Due to the
relatively low laser power, this reflected light contains also a
more significant fraction of PL emission comparable to the laser
peak intensity.

Figure 6 shows a typical beam profile taken with an OPHIR
Beamstar-FX-66-NT beam profile camera at an output power
of 720 mW behind the planar outcoupler in the v-shaped cavity
with included birefringent filter. A perfect Gaussian intensity
distribution can be seen, as it can be expected from semicon-
ductor disk lasers. The slight ellipticity of 1.26∶1 can be
derived from the FWHMX and FWHMY values given by
the Gaussian fit functions applied on the intensity cross sec-
tions. Simulations of the beam propagation in the laser cavity
with the open-source software “reZonator” deliver exactly the
same ellipticity value. This is mainly due to the folding angle of
α � 22° (see Fig. 3). No mode jumps or non-TEM00 beam
profiles were observed in the well-adjusted cavities during
the measurements.

Regarding applications, the suitability of the VECSEL to Rb
spectroscopy [24,25] was preliminarily examined by perform-
ing power transfer investigations near the D1 absorption line of
Rb, which lies at the wavelength of 780 nm. The VECSEL was
spectrally adjusted with the birefringent filter to this wave-
length. The measurement plotted in Fig. 7 shows more than
2.8 W output power at its maximum and a slope efficiency
of ηdiff � 21.7%. This result shows that there is sufficient laser
power available, even if further losses would be induced via
frequency stabilization and spectral filtering. Such stabilization

Fig. 4. Power transfer measurement data of the free-running
VECSEL, taken in a linear resonator. Inset: two typical laser spectra
taken during the input–output measurement at low and high pump
powers.

Fig. 5. Several exemplary emission spectra, taken for different angles
of rotation of the intracavity birefringent filter, are shown normalized
to the corresponding output power (v-shaped cavity; see Fig. 3).

Fig. 6. Typical beam profile of the VECSEL, taken from the out-
coupled laser beam in the v-shaped cavity. Additional vertical and
horizontal cross sections including Gaussian fits are plotted.
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and spectral filtering are necessary to operate the VECSEL in
the kilohertz linewidth range [26] with several hundreds of
milliwatts, which are typically needed for spectroscopy applica-
tions. The laser threshold in the used v-shaped cavity occurs at a
pump power of Ppump;thr:780 � 4.32 W, which is a high value
compared to the measurement taken in the free-running con-
figuration. This could be expected as the 780 nm emission is
located quite at the long-wavelength edge of available gain
referring to the tuning measurement (see Fig. 3). The most
probable explanation is that semiconductor gain typically
broadens with increasing charge carrier density, which rises with
increasing pump power, while its maximum shifts slightly to
higher energies [27]. A thermal red shift of the gain might also
play a role here, which additionally supports long-wavelength
operation. The v-shaped resonator with its folding mirror M1
and the birefringent filter as intracavity element create addi-
tional losses. This further increases the laser threshold. The
VECSEL’s linewidth (FWHM), dictated by the transmission
characteristic of the birefringent filter, was approximately at
2.7 nm during the whole measurement. A typical spectrum
is plotted in the inset Fig. 7.

With this work, we demonstrated a direct emitting
VECSEL that was designed to operate at wavelengths around
765 nm for the first time to our knowledge. We present fun-
damental characterization results of this all-AlGaAs-based dou-
ble hetero-structure VECSEL. A maximum output power of
4.24 W was obtained as well as a tuning range of 40.5 nm from
747.5 nm to 788.0 nm. Fundamental transverse mode
operation was always observed during VECSEL operation.

To further widen the access to the 700 nm to 800 nm range
with VECSELs, slight variations in the aluminum content in the
QWs would reduce emission wavelengths and enable a spectral
coverage down to 700 nm [28]. In order to prevent unnecessary
heating of the active region, the use of red diode lasers emitting at
640 nm or 675 nm as pump sources would be rational for future
investigations. In terms of choice of material, it would also be
useful to investigate, e.g., GaAsP-based gain structures and com-
pare them with the present ones. GaAsP-based QWs have for-
merly been used to reach the 700-nm-regime [29–32].
Furthermore, another alternative to deliver 7XX-nm emission
is represented by the AlGaInAs material system [32].
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AlGaAs/AlGaInP VECSELs With Direct
Emission at 740–770 nm

Kostiantyn Nechay , Hermann Kahle , Jussi-Pekka Penttinen , Patrik Rajala,

Antti Tukiainen, Sanna Ranta , and Mircea Guina

Abstract— An optically-pumped vertical-external-cavity
surface-emitting laser (OP-VECSEL) with 3.25-W output power
emitting around 750 nm is demonstrated. The gain structure
incorporates AlGaAs quantum wells (QWs) and barriers, and
AlGaInP claddings. The emission wavelength could be tuned
from 740 to 770 nm. The development addresses the need for high
brightness lasers at a wavelength range that has proven difficult
to reach. The demonstrated structure exhibits polarization-
related peculiarities, which cause polarization switching under
increased pump power due to mode competition. The presence
of birefringence inside the active region is attributed to known
long-range ordering within the AlGaInP claddings which causes
distorted beam profiles. This influence on laser features has not
been reported in VECSELs so far.

Index Terms— AlGaAs, AlGaInP, quantum well lasers, semi-
conductor growth, semiconductor disk lasers, semiconductor
laser, vertical-external-cavity surface-emitting lasers (VECSELs).

I. INTRODUCTION

OP-VECSELs have successfully combined features of
open cavities used in solid-state lasers with wave-

length versatility of semiconductor gain heterostructures [1].
An external resonator enables efficient second-harmonic gen-
eration, narrow-linewidth operation, and the generation of
ultra-short pulses via integration of various optical compo-
nents inside the resonator. Owing to semiconductor bandgap
engineering, the VECSEL platform is suitable for cover-
ing a vast wavelength range with Watt-level output power
and good beam quality [2], [3]. However, several spectral
gaps still remain uncovered so far, largely due to the lack
of suitable material systems that would enable realization
of high-quality gain mirrors. An example is the spectral
region between 700–800 nm, which has recently attracted
more attention. There is a great interest for high-brightness
tunable and narrow-linewidth lasers at this wavelength range
for applications in atomic and molecular physics [4] and
nuclear medicine [5]. Moreover, due to low absorption of both
hemoglobin and water at these wavelengths [6], there is a
large penetration depth of the light into human tissue, which
is relevant for a number of medical applications, including
dermatology and photodynamic therapy.

To create high-power emission for the 700–800 nm
region, intra-cavity frequency-doubling of VECSELs, based
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Fig. 1. Calculated bandgap profile of the quantum-well gain structure
reported in the reference structure [10] (a) and in this letter (b).

on wafer-fused gain mirrors, has been previously applied. The
leading results of this approach include the demonstration
of 1 W at 785 nm [7], and 1.5 W at 750 nm with 44 nm
tuning range [8]. The first approach for fundamental emission
was demonstrated by incorporating InP quantum dots as a
lasing medium [9]. In this demonstration the output power
was limited to several tens of milliwatts at the wavelengths
spanning from 716 to 755 nm. Just recently, the AlGaAs-based
VECSEL with an output power of > 4 W and a tunable
range of over 40 nm around 770 nm was demonstrated [10].
Despite the high output powers achieved at 770 nm, shifting
the emission towards shorter wavelengths might be challenging
with the AlGaAs-cladding gain mirror design, since the carrier
confinement diminishes correspondingly with the wavelength.
To address this problem, we propose a slight alteration in the
gain mirror design: namely, replacing these AlGaAs-claddings
with higher bandgap AlGaInP barrier layers.

Here we present the performance of a VECSEL emit-
ting in the 740–770 nm wavelength range employing
[(Al0.48Ga0.52)0.5In0.5]P cladding layers (hereinafter named
as AlGaInP). Compared to the AlGaAs-only based design
in Fig. 1(a) [10], the AlGaInP claddings [see Fig. 1(b)]
improve the confinement of charge carriers, especially holes,
which theoretically enhances the device performance at
elevated temperatures. On the other hand, the use of
AlGaInP-based active region has been traditionally associ-
ated with polarization and mode instabilities of the emit-
ted light, linked to long range ordering of the AlGaInP
cladding [11]. GaInP/AlGaInP compounds can form super lat-
tices of alternating ordered Al/Ga-rich and In-rich planes along
the [111]-direction [12]. The ordering effect has implications
on valence band splitting, bandgap reduction and breaking
crystal cubic symmetry; the latter may lead to ordering-
induced birefringence [13]. Ordered birefringent AlGaInP
layers, with the optical axis tilted away from growth direction,

1041-1135 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Normalized edge PL and reflectivity curves of the VECSEL.

are responsible for coupling of TE and TM modes [14]. These
“super modes” in their turn can govern the polarization of the
laser. This effect is also identified for the VECSEL structure
reported in this letter, both in terms of polarization variation
across the gain chip and in terms of polarization switching as
a function of pump power.

II. GAIN MIRROR FABRICATION

The structure was grown by solid-source molecular beam
epitaxy (MBE) on an undoped 2′′ (100) ± 0.5◦ GaAs sub-
strate. It comprised an active region and a distributed Bragg
reflector (DBR) consisting of 33.5 pairs of quarter-wave thick
AlAs and Al0.28GaAs layers. The active region consisted
of twelve QWs that were organized in four groups, with
three QWs per group, and placed at the antinodes of the
simulated optical field. The QW-packages contained 7 nm
thick Al0.14GaAs QWs separated by 8 nm thick Al0.4GaAs
barriers, and the QW-packages were separated by 47 nm thick
AlGaInP claddings. The growth temperatures were measured
with an IRCON pyrometer and were 580◦C for the GaAs
buffer, 565 – 570◦C for the AlAs/Al0.28GaAs DBR and the
AlGaInP cladding layers, and 580 – 590◦C for the Al0.14GaAs
QWs and the Al0.4GaAs barriers. The temperature was raised
before each AlGaInP layer during growth interruptions. The
microcavity between the DBR and the air-semiconductor inter-
face was designed to be resonant at 750 nm. As a standard
quality check, a cross section scanning electron microscopy
investigation as well as large area photoluminescence (PL)
were performed to identify major growth issues. Neither
major growth defects nor dark lines and only a few dark
spots (∼ 10 mm−2) were detected on the sample. However,
the layer thickness measurement revealed a slightly blue
shifted resonance.

Room temperature reflectivity of the grown structure was
measured using an Accent RPM 2000 PL-mapper and is
shown in Fig. 2. The microcavity resonance of the structure
was determined to be at 747 nm (measured at 75◦C with
temperature dependent reflectivity measurement), while the
room temperature emission peak of the edge PL was at 738 nm
(see Fig. 2).

III. VECSEL CHARACTERIZATION

The gain mirror was cleaved into chips with a size of
2.7 mm × 2.7 mm. The chips were subsequently capillary
bonded to a flat uncoated 3 mm × 3 mm single crystalline
diamond heat spreader with a thickness of approximately
300 μm. Furthermore, the samples were mounted to a thermo-
electrically cooled copper block, with temperature stabilized

Fig. 3. Output power of the free-running VECSEL as a function of incident
pump power. The inset shows an exemplary beam profile from the linear
cavity.

Fig. 4. Measured optical spectra obtained by means of intra cavity
birefringent filter rotation at 14.4 W of incident pump power.

at 14◦C throughout all measurements. Basic output character-
istics of the VECSEL were investigated in a linear cavity.
A Coherent Verdi V-18 emitting at 532 nm was used to
pump the structure. The output pump beam was focused by
a spherical lens (f = 200 mm) down to a pump spot with an
estimated diameter of ∼ 62 μm. This pumping spot diameter
resulted in highest output power in this setup and is the
same as in [10]. Therefore, the cavity was set to a length of
∼ 99.8 mm, with a 3%-outcoupler with a radius of curvature
of 100 mm. This setting resulted in a simulated mode diameter
of ∼ 60 μm.

Output power characteristics and spectra are presented
in Fig. 3. The laser exhibited a linear power transfer behavior
with a maximum output power of 3.25 W at an incident pump
power of 17.3 W with differential efficiency of ηdiff. = 22.3%.
A further increase of pump power led to an output power
decrease due to thermal roll-over.

The tuning measurement, illustrated in Fig. 4, was per-
formed in a V-cavity (see Fig. 4 inset), identical to the one
described in [10], with an inserted 0.5 mm thick birefringent
filter. The measured tuning range of ∼ 33 nm under incident
pump power of 14.4 W shows a performance maximum
at 757 nm.

At the highest pump power, we observed changes of
intensity inside the beam profile, when measured both in
I- and V-cavities, which we assumed to be polarization insta-
bilities. To clarify this, the polarization of the laser output
was investigated with a Glan-Taylor calcite polarizer with an
extinction ratio of 105 : 1. The polarizer was aligned to have
a horizontal transmission (P-polarization) at 0◦. All polariza-
tion related measurements were done in the linear cavity in
order to minimize cavity influence on the laser polarization.
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Fig. 5. Output power as a function of polarizer rotation angle at different
spots across the VECSEL chip.

Moreover, as a precaution, a 350 μm thick and 3 mm sized
flat silicon carbide (SiC) was applied instead of diamond as an
intra-cavity heat spreader in the measurement. Since diamond
heat spreaders possess a slight amount of wedging influencing
the polarization of the laser, it was considered more straightfor-
ward to avoid using diamond heat spreaders at all. On the other
hand, the SiC heat spreader has considerably worse thermal
properties hence limiting the output power. However, the focus
of the study at this point was purely on understanding the
polarization variation linked to the gain mirror.

We observed that the polarization of the laser varied across
the gain chip. This behavior is illustrated in Fig. 5, by the
transmitted output power as a function of the polarizer orien-
tation angle in six different locations on the chip. The nominal
incident pump power was set to 3 W and was kept constant
throughout the measurements. As it can be seen from Fig. 5,
the polarization of the laser is likely to take one of either two
polarization orientations, which are orthogonal to each other.
The investigated VECSEL chip was oriented inside the copper
mount always in a way that the (011) crystal plane was parallel
to the plane of the optical table. Thus, we can assume that the
lowest order modes are highly linearly polarized along the
crystal axes. However, the output polarization extinction ratio
tends to decrease dramatically with an increase of pump power.
At certain pump powers we have observed a polarization
extinction ratio equal to 1 dB.

Figure 6(a) shows typical beam profiles of the free-running
VECSEL recorded at different spots across the chip and under
a constant pump power of 0.9 W. Although variations in
the mode shape were visible, the mode tended to be an
elliptical TEM00, at least in most cases. While scanning over
the gain chip, these variations were observed to be inhomo-
geneously distributed. This fact can be attributed to ordering-
induced birefringence, a phenomena studied in edge-emitting
lasers [11]. Figure 6(b) shows a beam profile evolution,
in regards to a pump power increase when the polarizer was
set to transmission minimum for the fundamental polarization
mode present at low pump powers. The measurement was
performed in a single spot. We were able to observe at least
one other laser mode of different polarization overlapping with
the fundamental one. This additional mode became stronger
with increasing pump power and later competed with the
fundamental one.

Thus, it is assumed that at high pump powers the output
may consist of simultaneous laser modes of different polar-
izations. In order to confirm this, the next experiment aimed
to measure the laser output transmitted through the polarizer at

Fig. 6. (a) Output beam profiles recorded at different spots across the chip at
0.9 W pump power. (b) Polarized beam profiles of the output, under different
pump powers, when polarizer transmission was set to minimum. Measurement
has been performed at the same single spot.

Fig. 7. Transmitted output power through the polarizer as a function of
pump power, when polarizer was set to transmission maximum (Fundamental
polarization mode) and 90◦ rotated (Orthogonal polarization mode).

two orientations. Thus, the polarizer was set, in turns, to two
predetermined, orthogonal to each other, transmissions. One
of the orientations of the polarizer was chosen to transmit
fundamental polarization mode of the chosen spot. The other
orientation of the polarizer, orthogonal to the polarization
mode, did not transmit any detectable light at low pump
powers. However, with increasing pump power we were able
to measure a substantial amount of transmitted light from this
orientation as well. Therefore, it can be concluded that the
orientation of the polarization changed along with the pump
power increase. Power characteristics have been recorded
separately for two orthogonal orientations of the polarizer. The
exchange of power between the two orthogonal polarization
modes with respect to the incident pump power can be seen
in Fig. 7. These measurements have been taken at the same
spot in two subsequent runs. The recorded beam profiles (see
insets Fig. 7) are typical for higher order mode operational
regime. Intensities of the beam profiles were normalized.

The multimode output beam being comprised of simultane-
ous modes of different polarizations, as well as polarization
switching under high pump powers, suggests the presence of
polarization dependent and competing gain. To explain the
origin of such competing gain, we assume two types of QW
emission which contribute to lasing. These emission types
are directed perpendicularly to the planes of the QWs and
polarized along the corresponding crystal axes. The origin
of these two types of emission may arise from the valence
band splitting and strain-induced breaking of the cubic sym-
metry in the plane of the QWs. We assume the strain in
the AlGaInP claddings to be the origin of this behavior.
In order to verify the presence of strain, the curvature of strain-
induced bending of the crystalline planes was measured with
an X-ray diffractometer on a quarter wafer gain mirror sample.
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Fig. 8. Polarized edge PL taken perpendicularly from the facets. The left
peaks at ∼ 715 nm corresponds to the emission from the Al0.28GaAs DBR
layers.

The radius of curvature was smaller for the present VECSEL
gain mirror structure (around 5.7 m in [011]-direction
and 5.9 m in [01-1]-direction) than for a standard high-
quality 1120 nm GaInAs/GaAs VECSEL gain mirror structure
(around 7.3 m in both [011]- and [01-1]-direction) [15], which
confirms the presence of strain inside the structure. To confirm
the presence of strain-induced emission anisotropy, polariza-
tion dependent edge PL was measured (Fig. 8) perpendicularly
to the {011} planes and it was filtered through the polarizer
(S-polarization was defined to be parallel to [011]-direction).
The edge PL was measured from cleaved facets, when the
excitation was done by focusing pump light into a line (with
a cylindrical lens), which covered the whole chip edge length
(2.7 mm). As it can be seen from Fig. 8, the polarized PL
emission is spectrally splitted and its intensity is depending
on polarization. Thus, we have two emission types different
in polarization and spectrum.

In order to ensure a polarization mode, it must experience
a lower amount of losses compared to the competing mode.
To fulfill this, the polarization mode should spectrally align
with laser gain while also spectrally aligning with the polar-
ization cavity resonance [16]. In this case the polarization
cavity resonance may be understood as polarization dependent
micro-cavity resonance which can exist under the condition of
birefringence inside the structure.

IV. SUMMARY & CONCLUSION

In summary, a VECSEL structure incorporating AlGaAs
QWs and barriers, and AlGaInP claddings with emission
in the 750 nm range was reported. We demonstrated direct
emission with more than 3 W of output power and wavelength
tunability of 30 nm. The incorporation of AlGaInP claddings
was meant to improve the confinement of charge carriers.
On the other hand, it induced birefringence and resulted
in polarization mode competition and multimode operation,
which compromises the beam profile. None of the above
mentioned issues were detected in the all-AlGaAs structure
at a similar wavelength range reported in [10]. As well,
we attributed the polarization features to internal strain of
the AlGaInP cladding layers, which does not originate in the
QWs, but strongly influences QWs. The polarization switch,
partitioning and exchanging the power between orthogonal
modes under the increase of pump power, will occur due
to red-shifting gain and as a result of changing the relative
strength of the net gain for the existing polarization modes
due to polarization dependent microcavity resonance. Partially
and inhomogeneously distributed ordering in the same layers

seems to be responsible for inhomogeneous birefringence,
which influences the transmitted light and results in peculiar
mode behavior.

Further work will focus on testing different growth condi-
tions. The use of off-cut oriented substrates as well as higher
growth temperatures are known to reduce potential ordering
effects in GaInP [17], which may have the same impact on
the growth of AlGaInP. Moreover, optimization of detuning
parameter may improve power and tuning characteristics.
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 

Abstract—Optically-pumped vertical external cavity surface 
emitting lasers (VECSELs) based on flip-chip gain mirrors 
emitting at the 1.55-m wavelength range are reported. The gain 
mirrors employ wafer-fused InAlGaAs/InP quantum well 
heterostructures and GaAs/AlAs distributed Bragg reflectors 
fixed on a diamond heat-sink substrate in a flip-chip geometry, 
incorporated in a V-cavity configuration. A maximum output 
power of 3.65 W was achieved for a heatsink temperature of 11°C 
and employing a 2.2% output coupler. The laser exhibited 
circular beam profiles for the full emission power range. This 
demonstration represents more than 10-fold increase of the 
output power compared to state-of-the-art flip-chip VECSELs 
previously reported at the 1.55 µm wavelength range.  It opens 
new perspectives for developing practical VECSEL-based laser 
systems operating at a wavelength range widely used in many 
applications. 

 
Index Terms—Lasers, diode pumped, Optical pumping, 

Semiconductor lasers, Vertical emitting lasers.    

 

I. INTRODUCTION 

ince the first demonstration of vertical external cavity 
surface emitting lasers (VECSELs) by M. Kuznetsov and 
A. Mooradian in 1997 [1], continuous development of this 

laser technology has secured their position as the most flexible 
laser platform. In particular, the increasing interest in 
VECSELs technology is powered by the unique combination 
of their properties, including wavelength versatility, high-
power operation, possibility to achieve single frequency 
emission with a broad tuning range, or efficient frequency 
doubling.  Despite the impressive spectral coverage and output 
powers demonstrated to date [2], their level of performance is 
very different within different spectral bands, being largely 
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determined by the intrinsic properties of the semiconductor 
materials used for the gain mirrors and the maturity of the 
fabrication technology. In this respect, the 1.3–1.5-µm 
wavelength region is less advanced compared to the 1-µm 
wavelength region, mainly due to lack of adequate InP-based 
distributed Bragg reflectors (DBRs) that would ensure lattice 
matching to quantum-well (QW) gain structures for these 
wavelengths. The highest output powers have been achieved 
around 1-µm wavelength, where the InGaAs QWs provide 
high gain, and can be grown on high-quality GaAs/AlAs 
DBRs. Emission at longer wavelength using GaAs-based 
materials has been demonstrated using dilute-nitride 
InGaAsN/GaAs QW structures, yet achieving high power 
operation with this material system was limited to the 1.3-µm 
range [3]. This is because incorporation of nitrogen is 
associated with formation of point defects, especially at the 
higher N content required for reaching longer emission 
wavelengths; in this respect we note that the maximum output 
power for InGaAsN/GaAs-based VECSELs at 1.55-µm is in 
the range of 100-mW only [4].  On the other hand, InP-based 
structures have shown similar limitation at 1.55 µm, with 
relatively low maximum output power of 170 mW [5]. In 
particular, for this material system the output power is limited 
by the absence of high-quality DBRs that could be 
monolithically integrated with the InP-based QWs.  
 To mitigate these limitations and demonstrate high-power 
VECSELs at wavelengths beyond 1.2 µm, wafer fusion has 
emerged as the technology of choice. This technique allows 
the combination of different classes of materials while 
preserving their intrinsic photonic features [6]. In particular for 
VECSELs, wafer fusion has been used to combine high-
reflectivity GaAs/AlGaAs DBRs with InP/AlInGaAs QW gain 
structures. This approach made possible reaching output power 
levels as high as 5W at 1.48 [7] and 4.6 W at 1.57-µm [8] 
wavelengths. An important detail related to these long-
wavelength results is the fact that thermal management, an 
essential aspect of VECSEL operation, was implemented using 
intra-cavity heat spreaders [9], where a diamond film is 
bonded to the surface of the gain mirror facing the laser cavity. 
Although this approach is easy to implement and enables 
efficient cooling, it brings certain limitations on laser 
characteristics owing to etalon effects and birefringence 
associated with the diamond heat-spreader. 

Flip-chip Wafer-fused OP-VECSELs emitting 
3.65 W at the 1.55-m waveband  
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 The alternative flip-chip thermal management approach, 
where the heat from the active region is extracted through the 
bottom of the gain element [10], alleviates the issues present in 
using intra-cavity heat-spreaders, and also brings further 
advantages in terms of volume manufacturing as it enables 
parallel processing. On the other hand, the flip-chip 
technology is clearly more intensive in process developments, 
and therefore the bulk of research demonstrations so far has 
been based on intra-cavity heat-spreaders. In fact, the use of 
flip-chip gain mirrors has been largely concentrated at 1-µm 
wavelength range for monolithic GaAs-based gain mirrors. 
The leading results for flip-chip gain mirrors in terms of high-
power operation as a function of wavelength are summarized 
in Figure 1. We should note that the number of demonstrations 
shown at each wavelength does not reflect the effort made at 
specific wavelength; in fact, the vast majority of results were 
reported for 1-µm wavelength. The figure also indicates the 
fabrication technology employed; whereas results for 1-µm 
wavelength are dominated by monolithic gain/DBR structures, 
wafer-fused gain mirrors have been naturally employed at 
longer wavelengths.  In particular, we note that the highest-
power flip-chip results at the 1.3-µm range were obtained with 
wafer-fused structures [16-17].  On the other hand, the only 
flip-chip VECSELs emitting at 1.55–1.62-µm range were 
demonstrated by a combination of InP-based active regions 
and hybrid metal-metamorphic GaAs/AlAs DBRs, with modest 
output powers below 200 mW [18,19].  

 
Fig. 1.  Summary of output power levels achieved with OP-VECSELs using 
flip-chip heat-spreading technology.  References are inserted by each reported 
result. 

 
Here we report the first 1.55-µm wafer-fused flip-chip, 
optically pumped VECSELs with a maximum output power of 
3.65 W at 11°C. Such power levels open new perspectives for 
developing emerging applications, such as wind LIDAR 
systems [18]. Frequency doubling of 1.55-µm VECSELs 
would allow reaching 750 nm wavelength, which is not well 
covered by alternative semiconductor-based high-brightness 
light sources. This wavelength range is particularly attractive 
for medical applications, such as photodynamic therapy, owing 
to the deeper penetration in human tissues [20]. Due to their 
inherent potential to operate as class-A lasers, the 1.55-m 
VECSELs are also attractive sources for dual-frequency 

generation for high-purity terahertz radiation [21] and for high 
dynamic range and broadband RF/optical links [22]. 
 

II.  GAIN MIRROR DESIGN AND FABRICATION 

 
A schematic of the gain mirror design is presented in Fig. 2.  
The VECSEL structure comprises an InP-based gain region 
and a GaAs-based DBR, which were separately grown by 
metalorganic vapor phase epitaxy (MOVPE). The gain section 
consists of 10 InAlGaAs/InP QWs arranged into four groups, 
with three or two QWs per group, placed at the antinodes of 
the electric field of the 4/2-thick InAlGaAs micro-cavity. The 
7-nm-thick InAlGaAs compressively strained (~1.4%) QWs 
are sandwiched between tensile strained 7.5-nm thick barriers 
for overall strain compensation. The measured room 
temperature photoluminescence peak of the InAlGaAs QWs is 
centered near 1518-nm wavelength. The multiple-QW region 
is surrounded by an InP cap and spacer layers for better heat 
dissipation. The top-most InP layer of the gain section 
provides additional carrier confinement, preventing carrier 
diffusion and subsequent non-radiative recombination at the 
surface.  
 

 
 
 
Fig. 2. Schematic cross section of the gain mirror structure.   

 
 
 The total sub-cavity length was designed for emission at 
1540-nm wavelength.  The InP-based active structure was 
wafer-fused to a 21.5 pair AlAs/GaAs DBR with stop band 
centered at ~1540-nm, as described in [6]. After selective 
GaAs substrate removal, 5- and 150-nm  of Ti and Au layers, 
respectively, were deposited on the DBR-side of the fused 
structure to form a hybrid metal (Au) – AlAs/GaAs DBR.  
Subsequently, the wafer was cleaved into ~3x3-mm chips, 
which were then bonded to a metalized 6x6x0.3-mm diamond 
heat spreader. Finally, the VECSEL chip-on-diamond was 
attached to a copper heatsink by means of Ag-filled thermos 
conductive paste. The temperature of the gain mirror was 
controlled by mounting the assembly on a temperature-
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stabilized holder. No antireflection coating was deposited on 
the chip surface. 

III. VECSEL TEST SET-UP AND LASING CHARACTERISTICS 

 
The VECSEL devices were tested in a V-cavity 

configuration as shown in Fig.3. The optical pumping was 
performed with a 980-mm fiber-coupled diode laser, with its 

beam focused to a spot of approximately 470-m diameter. 

Two planar couplers, with transmission of 2.2 and 2.5%, 
respectively, were used.   

 

Fig. 4. Output power versus pump power for the flip-chip OP-VECSELs with 
2.5 and 2.2% OC, respectively, measured at 15°C heatsink temperature. 

 
The VECSEL output power as a function of the pump power is 
shown in Fig. 4 for the two different output couplers (2.2 and 
2.5%) and a heat sink temperature of 15°C. The data were 
measured up to values when the output power starts to 
decrease due to sample heating. The threshold powers are 
approximately the same (~3W) for the two configurations, 
whereas the maximum output power and the thermal roll over 
is higher for the 2.2% OC as compared with the 2.5% OC (3.4 

and 2.75 W, respectively). The slope efficiencies are 13.4 and 
11.7%, correspondingly. This trend was observed for all 
measured chips, indicating that the measuring configuration 
with 2.2% OC is more appropriate for our gain mirror.  

 

 Fig. 5. Output power versus pump power for the flip-chip OP-VECSELs 
with 2.2% OC measured at 11°C heatsink temperature. 
 
 Thus, by using the 2.2% OC and reducing the heatsink 
temperature to 11°C, the maximum output power increased 
up to 3.65 W at 33.2 W excitation power of the 980-nm 

pumping source, with a slope efficiency of 13.5% (see Fig. 5).   
The beam quality factor M2 remained below 1.25 at all levels 
of pump power. 

 

 
Fig. 6.  Lasing spectra of the OP-VECSEL, measured, respectively at 1 and 
3.65 W of output powers at 11°C heatsink temperature.  

 
 The VECSEL lasing spectra and beam profiles measured at 
11°C heat sink temperature for 1 W and 3.65 W output power 
levels are shown in Fig. 6 and Fig. 7, respectively. The lasing 
wavelengths correspond well to the emission wavelength of the 
designed structure (~1540-nm). As one can observe from the 
lasing spectra and beam profiles, the OP-VECSEL operates in 
the fundamental TEM00 mode with spectral FWHM of 2 and 

 
 

 

  
Fig. 3. Schematic of the OP-VECSEL cavity. HR – high reflective; RoC – 
radius of curvature. 
 

Page 3 of 6 JSTQE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

JSTQE –CON-SL2019-07872-2019 

 

4

2.5-nm at, respectively, 1 and 3.65 W of output power.  We 
note that the typical spectral modulations observed in the case 
of intra-cavity etalon effects are absent for our device, as 
expected.  A thermal impedance value of ~4 K/W was 
estimated from the shift of lasing spectra with dissipated power 
and heat sink temperature.  The dissipated power was 
calculated as the difference between the absorbed 980-nm 
pump light and VECSEL emitted power, ignoring intra-cavity 
scattering and spontaneous emission losses.   

 
Fig. 7.  Lasing beam profiles of the OP-VECSEL, measured, respectively at 1 
and 3.65 W of output powers at 11°C heatsink temperature.  

 

IV. CONCLUSION 

We reported the structure, fabrication and operation 
characteristics of optically pumped VECSELs emitting at 
~1.535-m wavelength and employing gain mirrors with flip-
chip heat dissipation architecture. These devices are based on 
InAlGaAs/InP/GaAs/AlAs wafer-fused gain mirrors using 
6x6x0.3-mm diamond films and were tested in a V-cavity 
configuration. The diameters of the 980-nm pump-spot and the 
1.54-µm laser mode size on the gain chip were ~470-m and 
~360-m, respectively. The maximum output power of 3.65 W 
was measured at 11°C heatsink temperature by employing a 
2.2% OC. Single transverse mode lasing spectra and measured 
beam profiles show that the VECSEL operates in fundamental 
TEM00 mode in the full emission power range. These results 
demonstrate, for the first time to our knowledge, gain mirrors 
in the 1550-nm wavelength band in a flip-chip thermal 
management scheme that approach the performance of 
previous results based on intra-cavity heat-spreader 
configurations [7,8]. Higher output power is expected by 
further optimization of the gain mirror structure and its 
fabrication process, and by employing thicker CVD diamond 
crystals for better thermal management. 
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ABSTRACT

A high-power InAs quantum dot (QD) vertical-external-cavity surface-emitting laser emitting at 1.5 lm is reported. The active region
employs 20 layers of high-density Stranski–Krastanow InAs quantum dots on an InP substrate. The QD density and emission wavelength
were independently adjusted by employing a double-cap growth sequence. Optimization of the spacer layer thickness and strain compensa-
tion rendered possible nucleation of a relatively high number of QD layers per antinode of the electromagnetic standing wave, which in turn
enabled a high output power continuous wave operation of about 2.2 W. The operation wavelength could be tuned over 60 nm, taking
advantage of the broadband gain characteristic of QD media.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125632

Vertical-external-cavity surface-emitting lasers (VECSELs)1 have
firmly secured their position as a flexible and multipurpose laser plat-
form for photonic applications ranging from fundamental science to
medical technology. The VECSEL concept has excellently coupled the
advantages of external cavities, typically used in solid-state lasers,
together with the wavelength versatility of semiconductor gain media.2

Thus, this platform has allowed the demonstration of lasers with watt-
level output powers and excellent beam quality across vast wavelength
ranges.3 Moreover, the use of external cavities enables efficient
intracavity second-harmonic generation, narrow-linewidth operation,
and generation of short pulses via the incorporation of intracavity
elements, such as nonlinear crystals, etalons, and semiconductor
saturable absorbers.4

The majority of conventional VECSELs exploit quantum well
(QW)-based gain media. Also, less developed quantum dots (QDs) as
VECSEL gain media have captured interest owing to their unique fea-
tures, such as reduced threshold, low temperature sensitivity, broader
gain bandwidth, ultrafast gain dynamics, and possibility to reach wave-
lengths where the QW system cannot easily fulfill lattice-matching
requirements.5 QDs fabricated by means of the Stranski–Krastanow
(SK) growth mode exhibit density and size distribution, which in turn
results in a large gain bandwidth. On the other hand, the effective gain
of QDs is lower in comparison to that of QWs owing to the smaller

active volumes overlapping with the optical field. To date, prominent
QD VECSEL results have been obtained based on the InAs/GaAs QD
system emitting in the 1–1.3 lm range. The leading performances
include the demonstration of high output power in the range of 8 W,6

demonstration of the reduced temperature dependence of threshold
and emission spectra,7 and broad wavelength tuning in the range of
60–70nm.8 In terms of the emission wavelength, particular emphasis
has been put on the demonstration of operation at 1.2–1.3 lm, where
InGaAs/GaAs-based QWs suffer from lattice mismatching to GaAs/
AlAs distributed Bragg reflectors (DBRs).9,10 On the other hand, the
exploitation of QDs grown on InP substrates, already used in efficient
edge emitting lasers,11,12 has remained elusive for the VECSEL
research community. In this letter, we introduce an InP-based QD
gain mirror and demonstrate a 1.5 lm emitting VECSEL operating in
the CW mode at room temperature. From the material development
point of view, the key actions have targeted the modal gain increase,
enabling output power as high as 2.2 W, and broad wavelength
tuning.

The InAs QD structure was grown by gas source molecular beam
epitaxy (MBE) on 2-in. InP(311)B substrates. SK InAs QDs were
formed at 480 �C after the deposition of few monolayers (ML) of InAs
onto InP-lattice matched Ga0.2In0.8As0.435P0.565 alloy with a typical
bandgap of 1.18 lm (addressed as Q1.18 hereinafter). This alloy is
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used as the absorbing layer for optical injection in VECSEL operation.
When dealing with QDs as the active region of a VECSEL, the most
difficult part is to get high enough gain at the operating wavelength.
This fact implies a challenge of achieving high QD density per QD
layer and stacking of a large number of QD layers.

Figure 1(a) reveals the QD density measured on a single
uncapped QD layer as a function of the nominal thickness of InAs in
MLs. By increasing the thickness of InAs from 1 to 2.5 ML, the QD
density was increased from 5� 1010 cm�2 [Fig. 1(b)] up to a value of
11� 1010 cm�2 [Fig. 1(c)]. Such high-density QDs (HD-QDs) are
placed in close proximity, with a typical layer-to-layer separation of
30–40nm. The integrated photoluminescence variation as a function
of the InAs thickness is presented in Fig. 1(d). No significant intensity
variation is observed with InAs thickness up to 2.5 MLs. A further
increase in InAs nominal thickness above 2.5 ML leads to QD coales-
cence and the formation of large and plastically relaxed QDs, leading
to the decrease in PL efficiency. This fact evidences the formation of
nonradiative recombination centers, which can prohibit VECSEL
operation. Furthermore, Fig. 1(e) shows the evolution of the QD wave-
length emission at room temperature, derived from PL spectra.
Simultaneously with the QD density increase, the QD height increases
as evidenced by the continuous redshift of the QD from 1530 to
1580nm. In the case of InAs/InP QDs, independent control between
QD density and wavelength emission can be achieved by applying a
double-cap (DC) growth sequence.13

Figure 2(a) reveals the PL spectrum of a single layer of the high-
density (HD)-QD as-grown sample, while Fig. 2(b) presents the PL of
the sample grown according to the DC procedure. To decrease the
HD-QD emission wavelength, the DC growth process was applied at
the same QD growth temperature. At first, a 2.8nm thick cap layer of
Q1.18 was deposited on the QDs followed by a 20 s growth interrup-
tion under the mixture of AsH3 þ PH3 overpressure flux.14 Thus,
HD-QDs with a central wavelength at 1517nm with a full width at

half maxima (FWHM) of 115nm have been fabricated. The stacking
of QD layers, separated by spacer layers (SLs), was performed in order
to further increase the gain volume. Since QD formation is governed
by strain effects, the thickness of the SL between two QD layers is
known to play an important role in the upper QD layer. Thicker SLs
have been shown to decrease the upper QD layer density because of
size filtering effects. Thinner SLs enable keeping QD density per layer
constant due to the strain mediated vertical alignment of QDs; how-
ever, strain accumulation still limits the number of defect-free stacked
layers.15,16 Consequently, when considering QDs as active layers in
photonic devices, the optimal thickness of SLs typically lies around
25–40nm in order to avoid any defects, which also enables us to stack
up to 10 layers when necessary. When dealing with VECSELs, such a
thick SL limits the number of QD layers per electric field antinode to
approximately three layers. In order to realize QD stacking with a
reduced SL thickness, we have used a strain compensation technique,17

and thus, after the growth of the first DC HD-QD, slightly tensile
stressed 15-nm thick Q1.18 SL has been grown in order to mitigate the
strain effect for the next QD layer. This cycle has been carried out five
times. Figure 2(c) shows the PL spectrum of the QD layer stack
sample. The wavelength emission and linewidth of the QD stack are
identical to those of the single DC HD-QD sample. Furthermore, the
PL intensity of the stack has been increased threefold, evidencing the
good optical quality of these QD layers.

Following these QD growth optimizations, we have developed a
VECSEL gain structure illustrated in Fig. 3(b). The structure is com-
posed of the InP-based QD active region and a GaAs-based distributed
Bragg reflector, which was grown by metalorganic vapor-phase epitaxy
(MOVPE). The gain section consists of 20 QD layers arranged into
four groups of five DC HD-QDs with 15nm thick SLs. Each group
was placed at the antinode of the microcavity electric field formed
between DBR and a top-surface of the gain region. Subsequently, the
InP-based QD gain structure was wafer-fused to a DBR composed
of 29.5 AlAs/GaAs pairs, following the fusion process described by
Sirbu et al.18

FIG. 1. QD density (a) and emission wavelength (e) variation as a function of InAs
thickness (in MLs). Insets (b) and (c) show the AFM scans (0.5� 0.5 lm2) of the
uncovered QDs for InAs thicknesses of 1 and 2.5 MLs, respectively. The dotted line
represents the target wavelength at 1515 nm. (d) Integrated photoluminescence
intensity of a single QD layer as a function of InAs MLs.

FIG. 2. PL spectra of a single layer of the as grown HD-QD (a) and DC HD-QD (b)
measured at 300 K and with the same input power density (500 W/cm2). The PL
spectrum of 5 DC HD-QD layers with 15 nm spacer layers (c) before the fusion of
DBR. The dashed line as an eye guide appears at 1510 nm.
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After the wafer fusion and selective etching of the InP substrate,
the resulting wafer was cleaved into rectangular chips (2.7� 2.7mm2),
which were subsequently capillary bonded to an uncoated intracavity
diamond heat spreader, with a dimension of 3 � 3 � 0.35mm3. The
chip-diamond assembly was mounted onto a thermoelectrically cooled
copper plate, which was kept at 15 �C throughout the measurements.
The structure was tested in a V-shape resonator, which is shown in
Fig. 3(a) and is composed of a highly reflective mirror (R> 99.8%)
with a curvature radius of 200mm and a flat output coupler with
reflectivity of 99%. The distance between gain mirror and curved mir-
ror was 150mm, while the distance between curved mirror and the
output coupler was 276mm; such resonator geometry provided a cal-
culated mode diameter of 190 lm on the gain mirror. The VECSEL
was pumped by using a 980nm fiber coupled diode laser, which colli-
mated output was focused down to a pump spot with a diameter of
�220 lm. A birefringent filter with a thickness of 0.5mm was used
for tuning measurements and was placed at a Brewster angle inside
the cavity.

Figure 4 shows the output power and threshold spectra (lower
inset) of two exemplary VECSEL chips with different detuning (offset
between the microcavity resonance wavelength and the PL peak). The
top inset shows the spectra of one of the chips at different incident
pump powers. The maximum output power was measured to be
2.2 W at 24 W of incident pump power, resulting in 11.7% of slope
efficiency (the nominal incident power was used for the fit).

Unlike QWs, the PL peak of QDs undergoes a thermal redshift at
a much slower rate, resulting in a considerably smaller detuning factor.
The measured threshold spectra, recorded at 1.4 W of incident pump

power, allow approximate estimation of microcavity resonances of the
chips. Thus, the optimal detuning factor was experimentally deter-
mined by testing chips across the wafer since the variation of micro-
cavity resonance corresponds to active region thickness fluctuation
across the wafer. Although the slope curves of the two demonstrated
chips are virtually identical at low pump powers (due to broad QD
gain), closer to thermal roll-over the chip #1 with a larger detuning
becoming less efficient, yielding lower output powers. The optimal
detuning value gains significance in the context of the resonant micro-
cavity, where the round trip gain directly depends on the overlap
factor between the electric field antinodes and the QD packages within
the microcavity.19

The wavelength tuning ability is shown in Fig. 5; the tuning was
achieved with the intracavity birefringent filter. Operation in a wave-
length window of about 60 nm was obtained from the single chip. The
tuning curve was recorded under an incident pump power of 6 W.
The inset of Fig. 5 shows the exemplary beam profile measured at 22 W

FIG. 3. Schematics of the V-shaped cavity with the inserted birefringent filter for
tuning measurements (a) and gain mirror structure (b).

FIG. 4. Output power and threshold spectra of the free-running VECSELs, mea-
sured at 15 �C. Chips were taken from across the wafer, exhibiting different micro-
cavity resonances.

FIG. 5. Wavelength tuning recorded as a function of birefringent filter rotation. The
figure is composed of nine different spectra. Tuning was obtained with chip #2
under the incident power of 6 W.
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of incident pump power, revealing a slightly elliptical beam profile due
to the V-shape resonator geometry.

In conclusion, the implementation of the DC growth sequence
coupled with the optimization of SL thickness by means of strain com-
pensation allowed us to demonstrate an InP-based QD gain mirror
comprising dense QD layers. Such a gain structure enabled the dem-
onstration of the first QD-based VECSEL emitting at 1.5 lm with an
output power of 2.2 W. The emission wavelength could be tuned over
60 nm using an intracavity birefringent filter. In terms of output
power, the results obtained with this type of gain mirror are on par
with earlier demonstrations for quantum well-based VECSELs in the
same wavelength range,20 yet opening the way for superior perfor-
mance in terms of broadband tuning, temperature stability, and lower
threshold.

Second-harmonic generation of the VECSEL with emission at
1.5lm constitutes a viable alternative to 750nm direct emitting
VECSEL,21,22 by offering a much longer lifetime and wider wavelength
tunability. In turn, lasers in the 750nm range are needed for isotope
separation,23 spectroscopy,24 and medicine due to the large penetra-
tion depth into tissues at the wavelengths around 750nm.25

This work was partly supported by Agence Nationale de la
Recherche (ANR) and Suisse National Science Foundation (ANR-
SNSF IDYLIC Project, Grant No. ANR-15-CE24-0034-01).
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