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ABSTRACT
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Membrane external-cavity surface-emitting lasers (MECSELS) represent a relatively new cat-
egory of semiconductor laser that have potential to be attractive tunable light sources for various
applications. Potential advantages over similar lasers include improved active region heat extrac-
tion, access to novel wavelength regimes, and wider tuning ranges. Semiconductor membranes
with varying quantum well architectures were investigated in this thesis. Additionally, varying cav-
ity configurations and intracavity elements were investigated with the goal of satisfying application-
specific properties required for implementation.
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1 INTRODUCTION

Since their invention by Maiman in 1960, lasers have found use in a multitude of appli-
cations, including diverse topics such as lidar, gas sensing, metal etching, and telecom-
munications, among many others. There are also many types of lasers, where examples
include: solid state, gas, dye, free-electron, semiconductor, etc... This thesis however
explores the use of a type of semiconductor laser, the membrane external-cavity surface-
emitting laser (MECSEL), and its ability to be used as a tunable light source. Semi-
conductor lasers are diverse, with the most common form being laser diodes which are
essential elements of CD players, printers, barcode scanners, and many other common
applications. The type of semiconductor described in this thesis, the MECSEL, has a
few key differences from a conventional laser diode which will be described. While many
different modalities of lasers can be used to achieve a tunable light source, MECSELs
offer a unique profile of parameters that could prove advantageous.

Semiconductor lasers are quite cheap and easy to tailor, which makes them attractive
sources for a wide range of applications. Within the field of semiconductor lasers, surface
emitters have the potential for both high beam quality and high power. MECSELs offer
additional considerations as well, and to understand these fully it is useful to first look at
the development and creation of this subset of laser. Other tunable lasers and the way in
which MECSELs compare will be explored in the Application Context and Motivation
chapter. A complete picture of MECSELs and how they can be applied in a potential appli-
cation requires a theoretical background in semiconductor and laser physics. This will be
encapsulated in the MECSEL Background chapter. Moving forwards, the design of the
various experiments that were undertaken as part of this thesis, alongside the measure-
ments that took place will be explored in the Experimental Setups and Measurements
chapter. The contents of the thesis will be reviewed and discussed further in the Sum-
mary and Outlook chapter. Additionally, the potential for MECSELs to be implemented
as a commercial device will be explored throughout the contents of this thesis.



2 APPLICATION CONTEXT AND MOTIVATION

Wavelength tunable lasers are used in a wide range of applications, covering fields such
as telecommunications, material processing, medicine, spectroscopy, and many more.
Each of these applications brings its own specifications in laser properties. Example
properties include power, beam diameter, beam quality, linewidth, cost, size, ease of use,
etc. This gives rise to a wide variety of tunable lasers and laser systems on the market
and in research labs across the world.

While the very first laser was created by Maiman in 1960, the first practical tunable laser
was introduced in 1966 by Sorokin and Lankin [1] and Schéfer et al. [2]. This first tunable
laser was a dye laser, which uses a liquid organic molecule in a solvent. Being the
first tunable laser, dye lasers naturally created "... a large body of scientific literature”
[3]. Inherent issues with dye lasers lead to a new tunable laser technology, the titanium-
sapphire laser, becoming more popular. The titanium-sapphire (Ti:Sa) laser was invented
in 1968 by P.F. Moulton [4] and quickly became the laboratory standard for both tunable
and ultrafast lasers in the red to near-infrared regime. This is still true, and sales of
Ti:Sa lasers are expected to continue to grow throughout the 2020’s. However, there are
drawbacks to Ti:Sas, such as the expensive and sensitive pumping schemes required,
and complex large cavity configurations. Conventional semiconductor lasers such as
diodes are much cheaper and have the potential for tuning, but present other issues
such as the tuning range and beam quality. Based on the criteria of high-power, broad
tunability, excellent beam quality, and lower price, the MECSEL is a potential candidate,
and that potential is explored throughout this thesis.

The MECSEL is a variation on the better-known vertical external-cavity surface-emitting
laser (VECSEL) which was created in 1997 by Kuznetsov [5] to "overcome a key problem
with conventional semiconductor lasers: how to generate watt-level and higher optical
powers with fundamental transverse mode circular optical beam quality" [6]. The MEC-
SEL contrasts with the VECSEL in that instead of having a mirror as part of the semi-
conductor structure, the MECSEL is a thin membrane that only uses external mirrors.
This membrane design offers advantages, such as superior heat extraction, double-side
pumping, and more. The MECSEL is an extremely new approach that was demonstrated
in 2015-2016 [7],[8]. There are various benefits and challenges of the MECSEL archi-
tecture, and a benefit inherently related to wavelength tunability is the lack of a DBR, a
semiconductor mirror that has broadband limitations. The creation of the MECSEL and
its applicability as a tunable source will be covered in more detail in the following chapter.



3 MECSEL THEORETICAL BACKGROUND

3.1 MECSEL Background and Theory

The MECSEL is a niche, modern semiconductor device/concept. Understanding what
sets this device apart is best viewed from a developmental lens, beginning with work done
by Einstein over a hundred years ago and leaving us with the various groups working on
the MECSEL concept today. Along with this historical background, the corresponding
physics will be explained.

The term LASER has been used ubiquitously such that the acronym, Light Amplification
by Stimulated Emission of Radiation, is not so well known. The acronym itself points us
to the underlying history and work necessary for the creation of the laser, a theory of
stimulated emission. Einstein published a paper in 1916 titled On the Quantum Theory of
Radiation that introduced the concept of stimulated emission and the treatment of light as
a quantum phenomenon. Since lasers are based on stimulated emission, a quantum pro-
cess, they are fundamentally quantum devices. While lasers can be incredibly complex,
only three things are essentially needed: an energy source (pump), an optical resonator
(a simple cavity could consist of two mirrors facing each other), and gain (a way for pump
energy to be converted through stimulated emission into laser energy).

Before the creation of the laser, a similar scheme was investigated that took advantage of
a different part of the electromagnetic spectrum. The maser, which stands for microwave
amplification by stimulated emission of radiation, was invented by Townes in 1955 [9].
Not long after the maser was invented, the first laser, a ruby rod optically pumped with
a flash lamp, was created by Maiman in 1960. [10]. A laser constituting a crystal like
the aforementioned device is an example of a solid-state laser. Other laser modalities
were investigated and created soon after, the first being a helium-neon gas laser, where
the photon energy is determined by an atomic transition, in 1961 by Jaivan et al [11]. A
semiconductor-based laser, the class of laser investigated in this thesis, was first demon-
strated by Hall et al in 1962 [12]. This laser was a gallium arsenide (GaAs) p-n junction
based device. A p-n junction refers to how a semiconductor can be positively, "p", and
negatively, "n", doped. Specifically, negative doping would mean an abundance of elec-
trons, while positive would be a lack of electrons where that "lack of electron" is referred
to as a hole, so positive doping would give an abundance of holes. P-n junctions are
widespread across semiconductor devices and can be used as a way to electrically pump
a laser. An electron can recombine with a hole, and the energy difference between the



two can be released as a photon [13]. This mechanism is how a p-n junction can be used
to achieve lasing but will not be explored further as p-n junctions are a strategy for electric
pumping, and are not incorporated in MESECLs as they are optically pumped.

The first semiconductor lasers were radically different than the ones that exist today. They
required extremely cold temperatures and pulsed operation to function. Improvements
have been made sequentially, leading to the advanced diodes and other semiconduc-
tor lasers such as MECSELs that exist today. Nikolay Baslov introduced new concepts
to semiconductor lasers in a 1966 paper [14]. Efficient and convenient heat extraction
with a "cold finger" (now regularly called a heat sink or heat spreader), the use of external
mirrors, and using a thin slice of semiconductor material as the active region, which is de-
scribed as a "radiating mirror" were advancements he discussed. These advancements
are fundamental to the MECSEL principle.
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Figure 3.1. Semiconductor laser with radiating mirrors, pump, semitransparent mirror,
and cold finger. Coherent radiation (the laser beam) is generated by the semiconductor
layer and passes through the semitransparent mirror. (Fig. from [15]).

This basic schematic is the foundation which with a few tweaks can be applied to many
external cavity semiconductor lasers.

Moving forward, continuous wave semicondcutor devices were demonstrated with the aid
of a new heterojunction design theorized by Kroemer in 1963 [16]. Continuous wave
refers to a laser emitting continually in contrast to pulsed modalities, and heterojunction
refers to an interface between two different types of (usually) lattice matched semicon-
ductor materials, which would also have different bandgap energies. To get into what
lattice matching and bandgap energy means, let’s take a step back to the physics.



3.2 The Semiconductor Lattice

Semiconductors are crystals, and a crystal has the properties that its atoms are a regular
and repeating distance apart with a specific geometry. This is in contrast to amorphous
materials like rubber or glass, or polycrystalline materials like most rocks.

(a) Crystalline (b) Amorphous (c) Polycrystalline

Figure 3.2. "Three types of solids, classified according to atomic arrangement: (a) crys-
talline and (b) amorphous materials are illustrated by microscopic views of the atoms,
whereas (c) polycrystalline structure is illustrated by a more macroscopic view of adja-
cent single-crystalline regions, such as (a)" (Fig. from [17])

Crystals can have different structures, such as the simple case where an atom resides at
each corner of a cube, known as simple cubic. For semiconductor structures, a common
crystal structure is called face-centered cubic:

Face-centered cubic

Figure 3.3. lllustration of a face-centered cubic unit cell (Fig. from [17])

where q is the lattice constant. This view is of the unit cell, which is the smallest repeating
cube, such that the entire crystal consists of this cube repeated periodically. The lattice
constant of a material is often given in angstréms, an example of which is that silicon
has a lattice constant of approximately 5.43 A. When growing a semiconductor on top of
another semiconductor, an important consideration is that the lattice constants of the two
semiconductors are nearly equal. If they are not equal, strain will be introduced which will
cause "misfit dislocations" [17] and make the structure not suitable for most devices. The
situation is further complicated in the way that a thin layer can manage a sizable amount



of strain, where the growth is called pseudomorphic growth, but if a critical thickness is
reached, these mismatches will occur. The lattice value for a semicondcutor consisting of
ternary (comprised of three) semiconductor components like InGaAs can be calculated
using Vegard’s law.

as,_,B,c = (1 —x)asc +zapc (3.1)

Here, a4, ,B,c is the lattice constant for the ternary compound, asc and apc are the
lattice constants of the binary alloys InAs and GaAs respectively, and z is the molar
fraction of compound B.

This equation can be extended for a quarternary compound like AlGalnP as well.In addi-
tion to the lattice constant, the bandgap is a value that needs to be understood analyti-
cally. The bandgap energy for a semiconductor is more complicated to calculate than the
lattice constant, and the relationship between the two can be seen below for the examples
of InGaAsP and AlGaAsSb material systems.
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Figure 3.4. Relationship between band gap energy and lattice constant for alloys in the
InGaAsP and AlGaAsSb material systems. (Fig. from [17]).

While lattice constant is linear with variation in alloy percentage, the bandgap energy is
often calculated with the use of a quadratic bowing parameter:

EAIB(lfz)C = Facx+ Epc(l —z)+x(1l —x)b (3.2)

which has the same variable designations as Vegard’'s Law, but with the addition of the



bowing parameter b. Understanding the lattice constant and bandgap allows for the engi-
neering of precise heterostructures.

An electron hole pair is generated when an electron is excited from the valence band to
the conduction band. In a semiconductor, this looks like:

Figure 3.5. Direct transition with accompanying photon emission (Fig.from [17]).

where FE, is the valence band energy, E. is the conduction band energy, and E, is the
difference between the two called the bandgap. An electron in the valence band can
be excited to the conduction band and leave behind a hole by absorbing energy, be it
thermal, electric, or a photon. When an electron hole pair decays through direct recom-
bination, this energy can result in the generation of a photon:

(a) Direct

Figure 3.6. Direct transition with accompanying photon emission (Fig.from [17]).

where h is Planck’s constant, v is the frequency of the emitted wave, E is energy, and
the k refers to k-space, also called momentum space. The relationship shows that the
energy of the photon is equal to the bandgap of the semiconductor. Additionally, direct



recombination means that there is not a change in momentum, or k. From an application
standpoint, lasers and LEDs require direct recombination, which is why silicon and other
materials with indirect bandgaps are not used for these types of optoelectronic devices.
Understanding K-space can be quite confusing and is not directly required to understand
the MECSEL concept, so it will be explained more but briefly. If one looks at the k-space
diagrams for Si and GaAs:

Energy (eV)

[100] X L [111] T [100] X

Figure 3.7. "Conduction and valence bands in Si and GaAs along [111] and [100]"
(Fig.from [17]).

where I is the k=0 point, and x and L along with T" are points of symmetry in the Brillouin
zone. The Brillouin zone is the primitive cell for k-space. From this diagram, where the
positive valued curves describe electrons and the negative value curves describe holes,
it can be seen that the lowest electron "valley" is at the same point in k-space (horizontal
axis) for GaAs, and not for Si.

Strain was mentioned as something to be avoided in the previous text on lattice matching,
however there can be certain benefits. By applying compressive or tensile strain, the light
hole (LH) and heavy hole (HH) can be moved up and down in energy. The naming of
heavy and light hole band comes from the fact that the effective mass of a hole is related
to the its curvature. Compressive strain is usually used as it leads to a situation where
the holes are in the heavy hole band, which has a faster transition rate than the light hole
band [18]. Additionally, heavy hole band lasing prefers TE vs. TM polarization.
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Figure 3.8. Effect of strain on the heavy hole and light hole bands. (Fig.from [7]).

Fig.3.4

Now that the physics has been covered, the developmental background of the MECSEL
can be further explored.

3.3 Vertical Cavity Lasers

The first laser created by Maiman and the semiconductor lasers that were developed
shortly after were all edge-emitting lasers, in contrast to the other possibility, vertical
emitting. An easy way to picture the difference is to think of the gain chip as a rectangular
piece of cardboard. An edge emitter would have propagation inside the paper parallel
to the surface, while a vertical emitter would consist of light only passing through the
small thickness of the paper, and emitted perpendicular to the surface of the paper. The
following schematics show this difference, along with some other key elements of the
lasers. The first image is a standard edge-emitting laser diode, and the second image is
of a vertical cavity surface-emitting laser (VCSEL).

p-Contact Stripe

Active Region -

Waveguide

Figure 3.9. An edge emitter, the original laser design. (Fig. from [19]).
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Figure 3.10. A VCSEL, a type of vertical emitter that offers compactness and beam
quality (Fig. from [19]).

VCSELs started out only operating at liquid nitrogen temperatures [20] and the authors
had predictions for how room temperature operation could be achieved: "To realize easy
room temperature oscillation, it would be necessary to adopt some new structures such
as multilayer dielectric mirrors, quantum well structure, and so on [20]". The prediction the
authors made about dielectric mirrors can be seen in Fig.3.10, as a "Bragg Reflector",
which will be called a distributed Bragg reflector (DBR) in this thesis, is incorporated
into the device. A DBR is a type of mirror that relies on two different alternating optical
materials stacked periodically. The thickness of each layer conventionally corresponds to
one-quarter of the wavelength of light that is to be reflected. This thickness needs to take
the refractive index of each material into account such that:

A
T dn
where d is the layer thickness, lambda is the wavelength of light to be reflected (in vac-
uum), and n is the refractive index of the material. The DBR is superior to a cleaved
facet in a few ways, one being the potential for monolithic growth, and another being
higher reflectivity R. Monolithic growth refers to all of the various semiconductor layers
being grown on top of each other as part of a single crystal. How semiconductors can be
grown will be touched on later. The reflectivity (a specific instance of reflectance) can be
approximated as:

d (3.3)

No(Nn —ng(ny)?N ?

where N is the number of pairs, n, is refractive index of the originating material, n; is
the refractive index of one of the alternating layers, n, is the refractive index of the other,
and n; is the refractive of the backside of the DBR which could the substrate. To get
maximum reflectance, semiconductors with highly different refractive indices should be
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used, alongside with as many layers.
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Figure 3.11. Model of DBR reflectance (related to reflectivity) (Fig. from [21]).

This gives rise to tailored DBRs where the reflectivity of a DBR mirror can be chosen with
these other parameters in mind. A common example of this would be to create a "front"
and "back" DBR, where the back mirror is highly reflective with a reflectivity of >99 %, and
the front mirror could be around 95 % [20].

Another consideration when looking at vertical cavity design is the significantly shorter
gain region compared to edge emitting lasers. In an electrically pumped scheme, this
leads to a pumping situation where, "threshold current density is much higher than the
conventional laser diode" [22]. This is a direct result of less propagation through gain
comparatively which is compensated for with higher current density. A further challenge
is observed when trying to get more a larger beam, which would be useful for higher
output power, from a VCSEL. The design for electric pumping of a VCSEL as seen in
[fig:VCSEL] has the key limitation that expanding the size of the circular contact leads
to inhomogenous pumping and failure of the laser. The challenge of larger pumped re-
gions leads directly to the creation of the vertical external-cavity surface-emitting laser
(VECSEL), also called a semiconductor disk laser.

3.4 VECSELs

The task of building a VECSEL was undertaken in 1995 by Micracor (spearheaded by
Aram Mooradian) [23], although the term optically pumped semiconductor laser was used
at the time. VECSELs (and modern VCSELSs) take advantage of a double heterojunction
called a quantum well. Quantum wells describe a thin layer of material that is placed be-
tween two other materials, and if this thickness is near the DeBroglie wavelength, quan-
tum effects will be relevant. Quantum wells offer multiple benefits, including increased
customizability since the width of the well has an effect on the bandgap, and allow for effi-
cient recombination of electron hole pairs. While quantum wells are very effective sites for
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recombination, they are quite inefficient at absorbing pump light, so the common strategy
is to pump the barriers, and allow the electron hole pairs to migrate to the quantum wells.
There is a strategy called in-well pumping where the wells are pumped, but with this low
absorption, complex pumping schemes are required. Additionally, a specific wavelength
is required for in-well pumping whereas barrier pumping can be done by a huge range
of wavelengths. The benefit of in-well pumping is that the quantum defect, which is the
difference in energy between the photons for pumping and the photon energy of the laser
beam, is smaller. This energy is lost as heat, and is the minimum amount of heat that will
be generated by operation of the device even if there were no other imperfections, which
of course there are. The sensitivity, cost, and restrictions imposed by in well pumping are
why it is not used in this thesis and not in most VECSELs and MECSELSs.

A standing wave is created in a laser cavity, and as energy is the square of amplitude,
the spots of high energy are at the peaks and troughs of the wave. To have the most
interaction with the quantum wells, the places where stimulated emission can occur, a
resonant periodic gain (RPG) structure is created. This structure looks like:

Laser optical
standing wave

Quantum T /'

Surface
Pump  barrier
absorbing
region

wells

Semiconductor Air

Figure 3.12. VECSEL/MECSEL operating principles and RPG structure.
(Fig.from [6]).

where Epump and Ejaser are the energies of the pump and laser photons. This picture
is somewhat of a simplification, as quantum wells are generally so small that they are
grouped into packets, where a packet of around 3 quantum wells can be in one antinode.

While on the topic of VECSELs, it will be useful to dive into some of the equations that
govern VECSEL operation, and of course MECSEL operation as well. The model used
here is from Kuznetsov’s 1997 paper [5], so the model will be referred to as the Kuznetsov
model. This model was described in the author’'s bachelor’s thesis [24], and is restated
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here.

3.5 Kuznetsov Model

Ry RQTIOSSGQF%NWLW =1 (3.5)

where R; and R, are the reflectivities of the mirrors, Tjys is the transmission factor (round-
trip losses that could be scattering and absorption due to air or dust), and I is the longitu-
dinal confinement factor which describes the overlap between the QWs and the standing
wave in the active region. Additionally, gy, is threshold material gain, Ny, is the amount of
QWs, and L, is the thickness of the QW. Gain g can generally be given by:

N
=goln — 3.6
9= goln 1 (3.6)
where gq is the material gain coefficient, NV is the carrier density, and Ny is the trans-
parency carrier density. The material gain coefficient and transparency carrier density
are fixed values for a given material, but the carrier density N depends on the properties
of the pump source and is given by:

N — nabstump

= (N 3.7
EthwLwApump ( ) ( )

where 74y is the pump absorption efficiency, Poump is the pump power, Ey, is the photon
energy, and Apymp is the area of the pump spot. Finally, carrier lifetime 7(/V) is a function
of the carrier density, given by:

1

_ 2
) A+ BN +CN (3.8)

where A is the monomolecular recombination coefficient, B is the bimolecular recom-
bination coefficient, and C' is the Auger recombination coefficient. Auger recombination
becomes more relevant when the target application requires high maximum power, as
Auger recombination creates a positive reinforcement loop of heat generation in the active
region under high pump conditions. Using the given equations, an equation for threshold
carrier density Ny, and threshold pump power Py, can be derived:

1 (2Tgo Nw Lw) ™1
Nipn=Nyg| ——— 3.9
" °<R1R2T|oss> 59
]VthEthwLwAp
= A
b nabsT(N) (3.10)

This leads to an expression for the laser’s output power Paser, Which is given by:

Pager = (Ppump — Pi) - ndiff (8.11)
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where g, differential efficiency, is:

Ndiff = Tout * Tlquant * Mabs (3.12)

While naps is a value fixed by the given material, oyt and nguant are given by:

In(Rs)
= vl 3.13
Mot lIl(RleTloss) ( )
A
Tlquant = PP (3-14)

Alaser
where R; is the reflectivity of the output mirror. The differential efficiency is one of the
critical values of interest in a laser system and will be touched on in the experimental
section. Now that a theoretical basis has been set, the path to MECSEL creation can be
explored further.

Looking at how VECSELs contrast with VCSELs, VCSELs operate in the 10-100 mW
regime while VECSELs have been demonstrated up to 106 W of output power [25]. Ad-
ditionally, the external cavity in VECSELSs allows for the insertion of optical elements like
birefringent filters for tuning or nonlinear crystals for frequency doubling. There are cer-
tain applications, such as nonlinear frequency doubling and biomedical treatments where
both diffraction limited beam quality and high power are required. Furthermore, VEC-
SELs have been used as lasers for generation of short pulses, especially mode-locking,
and as tunable sources [26], [27].

However, there are limitations that VECSELs have that arise from the incorporation of a
DBR. Semiconductor material is a poor thermal conductor compared to commonly used
heat spreader materials like SiC, sapphire, and especially diamond. VECSEL chips were
originally bonded to heat spreaders from the very thick substrate, which the DBR and
then active region were on top of. This method was improved by two methods, flip-chip
and intracavity heat spreader. Flip-chip consists of growing the structure the opposite
way it is usually done, so that the gain region is grown first and then the DBR. Once this
has occurred, the DBR side is bonded to the heat spreader, and then the substrate is wet
chemically etched. This requires an etch-stop layer to be grown on the respective end of
the gain region to allow for controlled etching [5]. This has the benefit that heat spreader
does not to be of optical quality, which saves on cost. However, the thermal properties of
the DBR become important since it is between the heat spreader and the active region
where heat primarily is generated. This is especially problematic when working with
wavelength regimes where thick DBRs are necessary due to lack of available materials
with a suitable refractive index contrast. This leads to the next strategy, the intracavity
heat spreader. With an intracavity heat spreader, the active region itself is bonded to the
heat spreader, so no chemical etching of the substrate needs to take place. This is better
thermally, but more technically challenging in terms of bonding and the requirement for
an optical quality heat spreader. These two strategies are illustrated below:
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Figure 3.13. Comparison of flip-chip intracavity heat spreader approaches.
(Fig.from [28]).

An additional strategy that has been explored is to combine both of these strategies
and use two heat spreaders, one bonded directly to the active region such that it is an
intracavity heatspreader, and the other bonded to the back side of the DBR as shown in
the flip-chip strategy [29].

Screw nut

4

Pressure disk

Intra-cavity heat spreader

VECSEL-chip

Arrestor pin
for pressure disk
Arrestor pin
for pressure disk

Figure 3.14. 3D-model of a two sided heat extraction method (Fig. from [29]).

It is clear that thermal management of optically pumped semiconductor lasers is a key
issue, and it is also clear that a DBR impairs the thermal behavior. This problem naturally
leads itself to a solution, which is to simply remove the DBR. This seemingly obvious con-
clusion is the underlying principle of the MECSEL, a membrane external-cavity surface-
emitting laser, a laser that is a thin slice of semiconductor material that is surrounded
by bonded to intracavity heat spreaders on both sides. Besides thermal extraction, the
lack of a DBR offers additional benefits ranging from improved mode locking, double-side
pumping, a broader effective gain curve, and access to wavelengths not accessible with
DBR limited VECSELs.
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3.6 MECSELs

It is likely that more than one individual was working on the idea of DBR free operation but
the first instance of the MECSEL concept being simulated was in 2013 [30]. Furthermore,
the creation of a MECSEL was attempted in 2015 [7], achieved with a single heatspreader
also in 2016 [31], and demonstrated with two heat spreaders in 2016 [8]. This will be
the end of the "background" as the author sees further advancements as branching out
from these starting points, and as such will be explored more in the outlook section. A
schematic of Yang’s and Kahle et al.s design can be seen here:

808 nm Pump
HR 0.5% OC
/ \ Active
Diamond

region

Figure 3.15. Semiconductor disk laser with a single heatspreader (Fig. from Yang [32]).

resonator mirror diamond

laser output o laser output

birefringent filter

water & peltier cooled :
clamping system semiconductor membrane

(active region, 5 x 4 QWSs)
Figure 3.16. MECSEL with two diamond heat spreaders (Fig. from Kahle et al. [8]).

The motivation for creating a MECSEL was largely based on optimizing thermal manage-
ment. This can be seen in the transition from initial improvements to VECSEL designs,
such as flip-chip and the use of an intracavity heat spreader, and then to removing the
DBR, and finally to a membrane with two heat spreaders. Differences in thermal extrac-
tion can be seen as a lower rise in temperature within the gain region. The temperature
rise for these different strategies has been illustrated by Phung [33] in her doctoral thesis:
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Figure 3.17. Comparison of different heat spreader approaches, citations for each ap-
proach a[34], b[35], c[31], d[8] (Fig. from Phung [33]).

The MECSEL approaches clearly outperform the other two VECSEL approaches.

3.7 Spectral Properties of MECSELSs

As this thesis focuses on the tunable aspects, it is useful to look closer at the spectra
of a MECSEL compared to a VECSEL. Before doing an experimental comparison, we
can examine the theoretical "tuning" benefit of using a MECSEL compared to a VEC-
SEL. As shown by Yang [31], having the end of the cavity, which in a VECSEL would be
the attached DBR, farther away from the gain (the quantum wells), increases the gain
bandwidth. The equation for integrated gain bandwidth is given by:

7m(\) 2’

L
G\, 2) :/0 g\, 2 —2) Sin2[

where z can be varied and describes the position of the gain medium from the end of the
cavity, A also varies and is the wavelength in question, g(J, z) represents the longitudinal
gain profile, L is the length of the cavity, and m(\) is the mode index which is equal to %
Additionally, as quantum wells are typically much smaller than the wavelength of light, an
RPG structure with N quantum wells has a longitudinal mode profile approximated by:

|z’ (3.15)

(1 — 1))

=1
g\, 2) = Go)\%:é[z 2>} (3.16)
where )\ is the RPG design wavelength, (remember that the spacing is in the peaks and
troughs), Go()) is the gain for a single quantum well, and 4(z) denotes the Dirac delta
function. Assuming the gain bandwidth for a single quantum well Gy()\) is spectrally flat
such that Go(\) = Gy and that lasing is occurring at the designed wavelength A = Xy we

can arrive at:
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G\ z) = gGo[l + sinc(Ne) cos[(N — 1 + M)me] (3.17)

where the distance of the gain membrane from the end mirror is M = 4z/X and normal-
ized detuning is € = (A — A\g)/Xo. Because of the difference in M between VECSELs
and MECSELs since there is no DBR next to the gain medium, further simplifications can
be made for each case. The bandwidth at full width at half maximum for a VECSEL is
approximately A = X\y/(2N) and for a MECSEL is approximately A = X\y/N. All of this
math comes together to show that a MECSEL will give twice the structural gain bandwidth
as a VECSEL along with a rapidly varying cosine component. This can be seen in the
following graph adapted from Yang [32].
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Figure 3.18. Integrated gain for a z = .75\ (top) and = = 100.25\ (bottom) medium
consisting of 12 quantum wells. At 90% of the maximum integrated gain, bandwidths of
28nm and 62nm are observed. (Fig. from Yang [31]).

This difference can be seen experimentally instead of theoretically in the work of Kahle
et al. where a similar gain region either had a DBR or external cavity mirror:
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Figure 3.19. Comparison of VECSEL and MECSEL emission spectra (Fig. from Kahle
et al. [8]).

This image contains multiple different effects. First, the diamond heat spreader/s used
in this MECSEL/VECSEL create Fabry-Perot oscillations, which are calculated by the
authors to be approximately 0.16 nm. This difference between peaks is called the free
spectral range, or AX. The free spectral range is more often given in Av since this value
will always be true, but the A\ requires a central wavelength, and even then is only
accurate in the neighborhood of that central wavelength. The free spectral range is given
by:

where L is the length of the cavity, and n, is the group index of the material. The group
index is @ more complete way at looking at refractive index, because it describes how the
refractive index depends on the corresponding wavelength. Given a heat spreader thick-
ness of 550 um, central wavelength of around 667 nm, and refractive index of diamond
at this wavelength regime to be around 2.41, this value indeed makes sense. For a fairly
small tuning range, it can be assumed to be equal to the refractive index of the central
wavelength. The other effect the authors describe is the beat note from the slightly differ-
ent size of heat spreaders, which creates the larger pattern of dips and rises. While this
can be avoided with the use of angled heat spreaders, this illustrates a few of the many
technical considerations when optimizing MECSELSs as tunable sources.

After the MECSEL was developed, work has been done by a few universities (and now
companies!) around the world. The exploration of MECSELs as a tunable laser source
narrows down the research to a very niche branch.
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4 EXPERIMENTAL SETUP AND RESULTS

4.1 Experimental Methods

There are many steps in the process from going to a semiconductor wafer to a com-
plete wafer structure. This thesis is primarily concerned with the performance of tunable
MECSELSs, so these steps will be covered in brief.

4.2 Growth

MECSELSs can be grown by molecular beam epitaxy (MBE) as has been done by at the
optoelectronics research center at Tampere University, or by metal organic vapor-phase
deposition (MOVPE). These methods both work by taking a substrate wafer such as GaAs
or InP and adding layers of atoms to it. This is done with effusion cells, where various
substances are heated up to the temperature where sublimation takes place. These
atomic shuttered evaporators are aimed at the substrate which is heated such that the
impacting atoms have the mobility to find a suitable growth site. A schematic of an MBE
chamber can be seen below:

RHEED electron gun Rotatingsample holder

Principalshutter lonizationmanometer

Cellshutters Window

Air lock valve

Effusioncells

Effusion cells

Effusioncells

Sample
transferunit

Window

Fluorescent screen

RHEED Motor

Figure 4.1. A schematic of an MBE setup (figure from [36].
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Other factors like vacuum chamber temperature, pressure, shutter speed, substrate ro-
tation, material impurities, and many others play a role in the accuracy and success of
growth. MBE growth quality is a critical factor in the overall success of a laser.

Gain structures made with MBE in-house at Tampere University have been investigated
by the author and the MECSEL team, leading to the author’s bachelor’s thesis [24] and
many publications and presentations from Hermann Kahle, Hoy-My Phung and Philipp
Tatar-Mathes. However, semiconductor lifetime constraints led us to switch to structures
grown via MOVPE. The main difference between these two methods is that MOVPE is a
chemical, not physical reaction. As such, the chamber is not a vacuum but is operated
at relatively low pressure. Semiconductor organic complexes are used to go from gas
phase and deposit the given material. For example, if GaAs is intended to be grown,
trimethylgallium and arsine could be used. There are various pros and cons of these two
growth strategies but exploring these differences is outside the scope of this thesis.

4.3 Semiconductor Characterization

After MBE or MOVPE growth, various tools like x-ray diffraction and electron diffraction
can be used to measure the thickness and surface quality of the resulting semiconductor.
Both of these tools rely on the diffraction of their respective particles by the semiconduc-
tor lattice. With the use of the Bragg condition for the crystal, constructive interference
from the atomic layers gives information on the thickness and other properties of the
semiconductor.

Another key tool for initial characterization is photoluminescence (PL). This technique
involves shining a laser (typically) with a shorter wavelength on the semiconductor and
measuring the emitted light. Vertically emitted or edge emitted light can be collected for
PL measurements, though slight differences between the two do exist. Initially, a PL map
is taken of the entire wafer after growth. The purpose of this measurement is to allow
for the selection of the best-performing parts of the wafer to be used in the MECSEL, as
there is a large amount of variation in wafer quality in different parts of it. While these
pre-characterizations were not taken as the samples were grown elsewhere, an example
from another structure that was grown in-house is given by Phung [33]:
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Figure 4.2. A PL map with intensity given in arbitrary units. Discounting the edges of the
wafer, it can be seen the middle has strong intensity while a spot towards the bottom has
weaker intensity. [36].

where a.u. stands for arbitrary units. Considering this map, it would make sense to use a
slice from the middle of the wafer for incorporation in a MECSEL.

Additionally, the spectral information from a PL mapping measurement can give informa-
tion on the expected lasing wavelength. A spectral tuning measurement of a MECSEL
taken with a PL setup created by Rantaniemi [37] is as follows:

Intensity / a.u.

600 615 630 645 660 675 690
Wavelength / nm

Figure 4.3. A vertical PL curve from a cleaved MECSEL sample. Image and data from
[37].

This spectral information is not a perfect correlation with the lasing wavelength, but that
information can be predicted from previous similar samples and with the general rule
that the lasing wavelength is slightly redshifted compared to the PL peak wavelength.
The comparison of intensity between different samples is also a useful tool to determine
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which will perform the best.

4.4 Wafer Processing and Bonding

After MBE or MOVPE, the finished product is a circular wafer. If the MECSEL is made
in certain MBE growing conditions, rapid temperature annealing (RTA) would take place
to improve crystal quality. RTA consists of heating up the wafer (with a protective layer
on it) for a short period of time which depends on the parameters of the semiconductor
structure. This process is repeated until the sample is properly cured. Progress can be
measured via PL intensity comparison. Wafer pieces are then diced into approximately
8 mm squares either manually with a scribe or with a dicing saw. The next step is heat
spreader bonding. Three different heat spreader materials have been used to the author’s
knowledge for MECSELs, namely sapphire, silicon carbide (SiC), and diamond. Both
diamond and SiC heat spreaders were used in this thesis and are described in more
detail.

It is important to realize the strengths and weaknesses of each material. Starting with SiC,
it is quite cheap and achieves good bonding with the bonding procedure used. SiC also
does not suffer from the birefringence that is common in diamond. Diamond makes up
for its lacking optical quality with superior thermal conductivity. Diamond is often coated
with dielectric anti-reflection coating to reduce lost pump and cavity light, but especially
reduce the etalon effect caused be heat spreaders. A comparison of the shows that
diamond has a thermal conductivity of 20 CmLK while SiC has a thermal conductivity of
around 3.7 CmLK [38]. The improved thermal conductivity that diamond provides raises
the maximum power which can be used to pump a MECSEL and means that the input
power to output power curve will be higher, giving increased efficiency at high power.
However, there is the drawback that diamond is currently very difficult to grow with high
optical quality, leading to potentially prohibitive prices for the highest quality options. The
corresponding situation is such that both choices of heat spreader are interesting from a
research and potentially industrial setting as seen in Thorlabs Crystalline Solutions [39].
A comparison between the performance of diamond vs. SiC heat spreaders was explored
in the author’s bachelor’s thesis as seen in Fig. 4.4.

Before any bonding can take place, the wafer and heat spreaders need to be cleaned,
which is done chemically in an ultrasonic bath. Then, the active region side of the wafer
is bonded to a heat spreader with a larger area than the wafer slice. The substrate is
then wet chemically etched away. This is done by dipping the sample in a solution of
ammonium hydroxide/hydrogen peroxide for a time determined by wafer thickness. This
process leaves an etch stop layer on top of the active region, which is removed by a quick
dip in hydrofluoric acid. This would damage the gain material itself if not for the cap layer
that is resistant to the hydrofluoric acid due to low aluminum content. The second heat
spreader can be bonded after the substrate and sacrificial layers are removed. Achieving
successful bondage of the heat spreaders and semiconductor structure is a crucial step in
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Figure 4.4. Comparison of a MECSEL with a SiC heat spreader and an anti-reflection
coated (for the pump laser and the MECSEL wavelength) diamond heat spreader (Figure
and text from [24].

creating a working device. Wafer bonding is a critical aspect in many semiconductor fields
and new strategies are being explored by groups such as Thorlabs Crystalline Solutions
[39]

4.5 MECSEL Cavity and Holder

When the MECSEL chip is ready to be implemented in a laser, the MECSEL is glued to
a copper mount custom designed by Hermann Kahle that allows for water cooling close
to the membrane. This mount is constructed by two copper plates with a lifted hole in the
middle for the MECSEL. This construction is situated within an aluminum tube and glued
in place such that the system is water-tight. If one is familiar with this type of bonding,
it should be noted that this method did not involve using indium foil, as it was found to
not be necessary with clever design and careful gluing. However, this is by no means the
perfect strategy for bonding in terms of both difficulty and thermal conductivity. This mount
is hooked up to a water chiller, allowing for both controlled room temperature operation
and experimentation at other temperatures. This is particularly useful for measuring the
thermal resistance of a MECSEL, which requires evaluating the change in wavelength
when the temperature of the heatsink is varied. This entire structure is then placed on a
5-axis mount for easy customization and optimization.

4.6 MECSEL Cavity

The MECSEL cavity used for most of the experiments in this thesis consists of the MEC-
SEL chip (both active region and heat spreaders) and mount, external mirrors in a linear
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or v-shape configuration, double-side pumping optics, and a birefringent filter for tuning.
A schematic of this setup with double-side pumping is given in Fig4.5.

Focusing lens MECSEL Heat sink
f= 200 mm gain membrane mount
P betwe+en Siij

M1

Figure 4.5. MECSEL operating in a V-shape cavity with a birefringent filter. Image cre-
ated by Hermann Kahle.

A coherent Verdi-6 was used as a pump source. This pump laser consists of two bars of
semiconductor diode lasers operating at 808 nm which pump a Nd:YAG laser operating at
1064 nm, which is then frequency doubled to 532 nm. This strategy is commonly used for
the pumping of Ti:Sa lasers, as they have an absorption maximum near 532 nm. While we
used this high quality pump beam, MECSELSs and similar lasers are capable of using low
quality beams which will be touched on in the outlook. The power provided by this pump is
insufficient for power scaling MECSELSs, especially samples with diamond heat spreaders
and/or when using a large pump spot. The pump beam first passes through an adjustable
half-wave plate, allowing manipulation of the beam’s polarization. This modulated beam
is then split with a polarizing beam splitter. The benefit of using a polarizing beam splitter
is two-fold. First, by changing the rotation of the half-wave plate, the percentage of beam
intensity in each arm can be adjusted. This is useful using an asymmetrical quantum
well design or heat spreaders with non-equal reflectivities. Secondly, the polarizing beam
splitter provides orthogonally polarized beams for pumping which avoids constructive and
destructive interference where the beams converge in the MECSEL. Once split, each
beam is focused with the use of a plano-convex lens. The size of the pump spot can be
adjusted by moving the focusing lens closer or farther away from its focal distance. The
pumps are at an angle to avoid being in the intracavity beam path and general practicality.
This angle is kept small, around 14 degrees to avoid significant beam ellipticity.

Two very similar, but different membrane structures were investigated in this thesis. One
contains five quantum wells, and the other contains ten quantum wells.

4.7 Application Specific Criteria

One of the target applications when designing these tunable MECSELSs was optical coher-
ence tomography (OCT). This measurement strategy is a non-invasive imaging modality
that lies between ultrasound and microscopy in resolution and allows for real-time 3-D
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cross-sections of biological tissues and systems [40]. This is possible by measuring the
light reflected from tissue, and by using the coherence and varying wavelength (or spec-
tral broadness) of the source, creating a scan. The state-of-the-art light source for OCT
is the Ti:Sa laser but the MECSEL could solve two issues given in this laser type. The
first is price, which has been covered in the application context, and the second is the
wavelength range in which a MECSEL can operate. A MECSEL can operate at shorter
wavelengths than a conventional Ti:Sa, a fact that is relevant based on the absorption
spectra of water. This is illustrated in Fig 4.6.
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Figure 4.6. Absorption coefficient of water with varying wavelength showing MECSEL
and Ti:Sa tuning regimes. Source of data given in the image. Graph made by Philipp
Tatar-Mathes and adapted by the author.

As can be seen, there is roughly a 10x difference in the absorption coefficient in the red
MECSEL tuning regime compared to the Ti:Sa regime. Resolution is an important factor
in OCT, and the axial resolution is given by:

Az = 0.44>‘—3 (4.1)

AN
where )\ is the central wavelength of the laser, and A\ is the tuning range. With this in
mind, a laser with a broad tuning range and relatively short wavelength would be optimal
for OCT. Another consideration is the linewidth of the laser source. Linewidth refers to the
spectral full-width at half maximum. The range at which OCT measurement is possible is

given by:

Ao — 21n(2) M2

= (4.2)
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However, there are other spectral properties that are desired, such as "continuous" tun-
ability, meaning that the wavelength peaks are very close together. This is a challeng-
ing aspect due to the etalon effect that is present because of heat spreaders and the
MECSEL membrane itself. While anti-reflection coatings certainly help, the etalon effect
remains. Etalon effects are discussed in the following sections.

4.8 Tools for Tuning

Tuning was achieved with an intracavity birefringent filter as shown in Fig.4.5. The bire-
fringent filter is inserted at Brewster’s angle such that there is no reflection of p-polarized
light. Brewster’s angle is given by Brewster’s law:

fp = arctan 2 (4.3)
ni

where 6 is Brewster's angle, n, is the refractive index of the second material (the filter)
and n; is the refractive index of air and is approximately equal to one. Increasing the
thickness of the birefringent filter results in a reduced free spectral range as well as
additional losses. As the filter is aligned by hand, this angle is found by maximizing
the intensity of the laser passing through it, as this occurs at Brewster’s angle. The filter
is then rotated, which then gives wavelength-dependent losses and acts as a means of
mode selection.

An etalon can also be inserted into the cavity. The heat spreaders present in the cavity al-
ready act as intracavity etalons, so it may seem counterproductive to include an additional
etalon. However, the behavior of multiple etalons is complex [41] and have to be mod-
eled, which was done with LightMachinery software [42]. An example of the transmission
spectrum of the combination of a 1 mm YAG etalon (40% reflectivity) and two quartz -to
simulate diamond- heat spreaders (1% reflectivity) can be seen in Fig.4.7. One quartz
etalon has a thickness of 0.51 mm to demonstrate how small variations in thickness can
affect the transmission spectra.
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Figure 4.7. Transmission spectra of three etalons using LightMachinery software [42].

A general principle for etalons is that the higher reflectivity of the surfaces, the narrower
linewidth. Additionally, the smaller distance there is between the surfaces, the larger the
free spectral range. While the transmission spectrum in this image is dominated by the
higher reflectivity YAG etalon, this is not given in practice. Steps are taken to reduce
the reflectivities of all interfaces, but any interface will have some amount of reflection,
leading to an unavoidable etalon effect.

4.9 Tuning Experiment

The tuning range was first evaluated without an etalon, only a 2 mm birefringent filter. The
shape of the tuning curve can be seen by performing a trial comprised of many individual
measurements. In this trial the output power is stronger in certain regions compared to
others with the more continuous information provided by the multitude of peaks. Spectral
data can be seen in Fig. 4.8.
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Figure 4.8. Tuning curve of a 5x4 anti-reflection-coated diamond heat spreader MECSEL
by Tatar-Mathes, Koskinen, and the author.

Etalon effects were first investigated, a MECSEL cavity was setup with a 1 mm YAG
(Yttrium aluminium garnet crystal) etalon and 2 mm birefringent filter. The active region
consisted of five packets of four quantum wells (5x4). Anti-reflection coated diamond heat
spreaders were used to ensure a good thermal situation and to minimize heat spreader
etalon effects. The cavity was put into a z-cavity to allow for easier alignment. The method
used for creating a z-cavity was to use two highly reflective curved mirrors and two planar
flat mirrors where the two curved mirrors were at the top of the Z with the membrane in
between them and the tuning elements in the lowest intracavity space. This can be seen
in the following picture of the z-cavity setup with a birefringent filter and etalon:
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Figure 4.9. Lab setup of a z-cavity containing a birefringent filter and intracavity etalon.
Photo credit Hermann Kahle.

The water cooling temperature was set to 10°C to ensure maximum performance. The
sample was double-side pumped with a total of 6.5W. A tuning range was measured
with an optical spectrum analyzer in coordination with a power meter and can be seen in
Fig.4.10.
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Figure 4.10. Tuning curve of 5x4 anti-reflection-coated diamond MECSEL with the cor-
responding output power.
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The intention of the etalon was to get a narrower, but continuous linewidth, and in this
instance a linewidth of around 0.67 nm was obtained using Gaussian analysis.

A different configuration was attempted with a 10x4 MECSEL. Instead of a z-cavity, this
MECSEL was inserted into a v-cavity. Additionally, a highly reflective etalon (R=97%)
was used as a back mirror and outcoupler. This sample was also double-side pumped
with 6.5W of total power, but a warmer chiller temperature of 18°C was used to obtain
more realistic results. The etalon used was 1 mm thick fused silicon and the spectra were
collected from the light passing through the backside of this etalon. As with the previous
measurement, a 2mm birefringent filter was used for tuning. The spectra can be seen in
Fig.4.11.

Spectrums and measured output power
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Figure 4.11. Spectra from 10x4 MECSEL with uncoated diamond heat spreaders.

It is useful to note that for a target application like OCT, around 5 mW of output power is re-
quired, so the "useful" tuning range for this trial is around 9 nm as deducted from Fig. 4.11.
The most important distinctions between this and the previous trial are the higher re-
flection etalon and the uncoated heat spreaders. A higher reflection etalon should give
a narrower linewidth, and this principle holds true as this trial with the 97% reflectivity
etalon has an average linewidth of approximately 0.35 nm compared to the previous trial
with approximately 0.67 nm. This may be compounded by the increase in heat spreader
reflectivity.

When looking closely at the peaks in Fig.4.11 it is clear that there are many competing
modes operating simultaneously and that a simple Gaussian peak is not present. The
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resolution of the optical spectrometer used for the measurements so far was 0.05 nm and
to study the spectra further a higher resolution spectrometer with a resolution of 0.01 nm
was used. A 10x4 MECSEL with 40% reflectivity coated diamond heat spreaders was
measured with a 0.01 nm optical spectrum analyzer, first with only the etalon and no bire-
fringent filter. The 10x4 structure was investigated as it theoretically should outperform
the 5x4 structure. However, the experimental results did not support this conclusion.
Twenty averages were taken to reduce noise from random fluctuations. This gives a very
wide spectrum as seen in Fig. 4.12.

Intensity (Arbitrary Units)

665.0 6655 666.0 666.5 667.0 667.5 668.0 668.5 669.0
Wavelength (nm)

Figure 4.12. Averaged spectra from a 10x4 MECSEL with no birefringent filter showing
broadband emission.

The free spectral range was estimated with this graph to be around 0.16 nm. However,
it is difficult to know if this is truly the free spectral range or a macro-pattern containing
micro-patterns. A high resolution spectrum was captured with a 2 mm birefringent filter
inserted into the cavity, giving a near single peak. This high-resolution peak, taken with
20 averages, can be seen in Fig. 4.13.
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Intensity (Arbitrary Units)
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Figure 4.13. Averaged spectra from a 10x4 MECSEL with birefringent filter showing
tuning emission.

A clean Gaussian profile is not obtained. Multiple spectra were taken without averaging
and without moving the birefringent filter, such that the exact same peak should be ob-
served. These peaks were sharper, but moved around slightly in the wavelength domain,
suggesting that the exact peak location is fluctuating with time. This would explain why
Fig.4.13 has a more broad, non-Gaussian shape, as multiple modes are present and
fluctuate with time. Solutions for this instability were discussed within the MECSEL team,
and it was agreed upon that laser active frequency stabilization [43] would be required.
Active frequency stabilization is complex and requires expertise in the area, therefore
representing the next step forward in allowing MECSELSs to be used for numerous appli-
cations.
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5 CONCLUSION

This thesis looked at ways to expand the MECSEL concept for use as a tunable, high-
power, diffraction-limited light source. Tuning with multiple structures was investigated
and novel cavity designs and intracavity elements were explored. The results were not
record-setting in themselves, but highlight paths forward and especially show the limita-
tions that need to be overcome. The main challenge that is set forward is the creation of
an actively frequency-stabilized MECSEL. Additionally, Etalon effects could also be ad-
dressed with the use of wedged heat spreaders. The rest of the outlook will examine the
current state of MECSELSs, both in research and industry.

5.1 Research at Tampere University

One strategy to make MECSELs more attractive is to demonstrate pumping with green
laser diodes. MECSELSs in the infrared are commonly pumped with laser diodes [44], as
powerful diodes are available at these wavelengths. However, green diodes with watt-
level power are new to the market, and to the author’s knowledge have not been doc-
umented as pump sources for a MECSEL or VECSEL. Creating a setup where diodes
are combined together in a fiber with a small enough beam diameter is technically chal-
lenging and has been explored by Antti Rantaniemi in unpublished work. It seems likely
that green diode technology will advance further, and eventually make its way to be a
much cheaper power source for optically pumped semiconductor lasers. This is a key
advantage that optically pumped semiconductor lasers have over Ti:Sa lasers and could
provide a market sector as MECSELs and similar lasers continue to be improved.

Another benefit that MECSELs can exploit is the use of different quantum wells. This
was explored by the MECSEL team at Tampere University (including the author) in trials
where quantum wells corresponding to lasing at 720 nm, 740nm, and 760nm were grown
monolithically and made into a MECSEL. Unfortunately, cracking due to growth issues left
this experiment with disappointing results. However, this idea is being further explored by
Rajala, also at Tampere University in unpublished work.

5.2 Research Elsewhere

MECSEL technology continues to be explored by a few research teams, and more re-
cently by two companies. A by no means exhaustive view into neoteric research could
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start with a team in Poland investigating long wavelength MECSELs. These MECSELs
are grown on indium phosphide and have been demonstrated with wavelengths such as
1750 nm [45] and 1600 nm [46]. This team seems to have an emphasis on epitaxy, such
that various growth parameters and measurements can be seen throughout their papers.
There have not been any MECSEL papers published by this team since 2020 so it seems
possible their MECSEL project has ended.

The well-known professor Ursula Keller is responsible for work somewhat related to the
concept, one example [47] being the MIXSEL (mode-locked integrated eternal-cavity
surface-emitting laser). This basically consists of a VECSEL with an integrated SESAM
(semiconductor saturable absorbing mirror). A SESAM is normally a separate mirror that
is used for modelocking, but this research shows that it can be integrated which increases
cavity simplicity.

MECSELs continue to be explored at both Stuttgart University and the University of
Southampton as seen their collaborations [48]. However, the interest in MECSELSs in
Southampton seems to be a facet of their ongoing work with VECSELs and the research
at Stuttgart appears to be the remaining interest that did not get transferred to their spinoff
21 Semiconductors.

Prof. Mansoor Sheik-Bahae and his team at the University of New Mexico have investi-
gated mode-locking [49], high power IR emission for frequency doubling [50], and hybrid
MECSELs also in the same paper [50]. A hybrid MECSEL is where a DBR is used,
but it is bonded to the outside of the heat spreader so that the structure can still benefit
from improved thermal extraction. They are targeting this wavelength specifically for fre-
quency doubling to 589 nm for use as a guide star, which is a ground-based telescope
tool for measuring atmospheric fluctuations by exciting sodium ions high up in the atmo-
sphere. This group is also involved in wafer scale manufacturing [39] in collaboration with
California-based Thorlabs Crystalline Solutions and with German-based 21 Semiconduc-
tors.

Wafer scale manufacturing is a key part of 21 Semiconductors’ main product that they’ve
called a MEXL (Membrane eXternal cavity laser). The MEXL is a customizable com-
pact gain and heat spreader chip designed to be frequency doubled to the yellow/yellow-
green wavelength range. The choice of name is interesting, as the "coiner" of the MEC-
SEL name and also one of the supervisors of the author, Hermann Kabhle, is a previous
coworker with many of the 21 Semiconductors team at Universitat Stuttgart and is men-
tioned on their website, so they clearly know of the MECSEL term (in fact a diagram of
a MECSEL is described with that terminology on their site). Looking at the difference in
the acronym, the phrase "surface-emitting" is missing from the acronym MEXL, but their
device very much appears to be a surface emitter. This suggests that either their device
has some other key difference that is not described on the website, or that they wanted to
differentiate their product or simply thought MEXL would be better in terms of marketing.
Intellectual property concerns could also be a reason. Their product appears to be highly
developed and made for integration with preexisting laser systems.
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Thorlabs Crystalline Solutions is a bit harder to get information about, as this was orig-
inally a company called Crystalline Mirror Solutions that was bought by Thorlabs. The
Thorlabs site has information on their current product line of low noise and thermally con-
ductive mirrors, which makes sense considering these mirrors consist of "Single-Crystal
GaAs/AlGaAs Optical Coatings", suggesting they are DBRs wafer bonded to various sub-
strates. Given the lack of public information, | decided to reach out to Garrett Cole, a co-
founder of Crystalline Mirror Solutions and technology manager at Thorlabs Crystalline
Solutions, who was kind enough to answer some questions | had about the company.
Specifically, their bonding is indeed done on the whole wafer scale, where plasma acti-
vation followed by annealing is used as a bonding method. They normally use SiC as
a heat spreader material, and when asked about the potential for diamond as a heat
spreader material, Cole explained, "We have had very poor yield with both censored
and censored single-crystal diamond substrates. At this point in time | would skip that
unless you have a very promising diamond supplier." From conversations with the MEC-
SEL team at Tampere University, it has been clear that even finding and purchasing very
small high quality diamonds is difficult, so it is not hard to imagine that wafer size diamond
substrates are not at the required quality with current CVD diamond growth technology.
If this technology progresses to the point where wafer scale diamonds are both more
affordable and of high quality, this would make for an excellent substrate material and
would likely be integrated by both 21 Semiconductors and Thorlabs Crystalline Solutions
given a need for high performance devices.

In conclusion, MECSELSs continue to be investigated by a small group of researchers and
has recently made its way into the world of industry. While the laser guide star use case
is an application being explored, the MECSEL is for the most part a laser solution looking
for its problem.
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