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Kurzfassung der Arbeit

Optisch angeregte Halbleiterscheibenlaser (englisch “Optically-Pumped Semiconductor
Disk Lasers”, OPSDLs), auch bekannt als VECSEL (englisch “Vertical External-Cavity
Surface-Emitting Laser”, VECSEL), haben innerhalb der letzten Dekade zunehmende
Aufmerksamkeit erfahren. VECSEL, welche auf Aluminium-Gallium-Indium-Phosphid
(AlGalnP) basieren und im sichtbaren roten Spektralbereich emittieren, stellen geeignete
Lichtquellen mit moderater Leistung, bei gleichzeitig guter Strahlqualitit dar, wie sie
beispielsweise fiir die RGB-Displaytechnologie benétigt werden. Dariiber hinaus sind
AlGaINP-VECSEL interessant, da sie die Moglichkeit bieten, mit einer Frequenzver-
dopplung direkt den ultravioletten (UV) Bereich zu erschlieen. Zu Beginn dieser Arbeit
waren aufwindige Kiihltechnik und Pumplichtquellen hoher Brillianz notwendige Vor-
aussetzungen fiir den Laserbetrieb roter AlGalnP-VECSEL. Zwar konnten Leistung und
Effizienz der temperaturempfindlichen VECSEL durch den Einsatz resonatorinterner
Diamant-Wérmespreizer verbessert werden und somit erstmals VECSEL im Dauerstrich-
betrieb (englisch “Continuous-Wave”, CW) realisiert werden. Das Pumpen bei grofieren
Pumpfleckdurchmessern erwies sich hingegen weiterhin als schwierig. Bislang konnten
lediglich Ausgangsleistungen von bis zu 1,3 W sowie differentielle Wirkungsgrade von
weniger als 20% demonstriert werden, was die Beschrankung der moglichen Leistungsska-
lierung mit den bisherigen Bauformen verdeutlicht. In den bisherigen Veroffentlichungen
zu rot emittierenden AlGalnP-VECSELn kamen Pumpfleckdurchmesser von weniger als
100 um zum Einsatz. Zur Kiihlung war es notwendig, die Warmesenkentemperatur auf
unter 0 °C (und auf bis zu -31 °C) abzusenken. Ziel dieser Arbeit war es, diese Limitie-
rungen in der Leistungsskalierbarkeit zu untersuchen und mit geeigneten Konzepten zu
iiberwinden.

In dieser Arbeit wurden zwei Konzepte zur Ausfithrung von AlGalnP-VECSELn un-
tersucht, um die hochgradig temperaturabhingige Effizienz und maximal erzielbare
Ausgangsleistung zu verbessern. Das erste Konzept bestand darin, die durch das opti-
sche Anregen verursachte Temperaturerhhung zu verringern und dadurch die maximal
erzielbaren Leistungen zu erhohen. Dies wurde durch direktes Anregen der “Quanten-
filme” (englisch “Quantum Well”, QW) im VECSEL erreicht. Dies wurde mit einer
Pumpoptik kombiniert, die einen Mehrfachdurchgang des Pumplichts durch den VEC-
SEL ermoglichte, dhnlich zu den iiblicherweise bei diodengepumpten (Yb-dotierten)
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Scheibenlasern genutzten Pumpoptiken. Das zweite Konzept kombiniert das direkte Anre-
gen der Quantenfilme mit der beidseitigen Kiihlung durch transparente, resonatorinterne
Wirmespreizer. Dadurch wird kein Bragg-Spiegel am VECSEL benétigt, welcher den
grofiten Wirmestau bei der konventionellen einseitigen Kiihlung hervorruft.

Beim QW-Pumpen werden die Pumpphotonen mit einer Wellenldnge von 640 nm direkt
im aktiven Volumen der Quantenfilm-Heterostruktur absorbiert, anstatt Pumpphotonen
mit einer Wellenldnge von 532 nm in den Barriere- und Abstandsschichten zu absorbieren.
Das letztgenannte Verfahren wird Barriereschicht- oder Barriere-Pumpen genannt und
wird typischerweise fiir AlGalnP-Laser mit Ausgangsleistungen von mehr als 1 W ver-
wendet. Die Wirme, welche durch die Energiedifferenz von Pump- und Laseriibergang
frei wird, auch bekannt als Quantendefekt, wird bei Einsatz des QW-Pumpens anstelle
des Barriereschichtpumpens um 50-75% reduziert. Folglich wird die in den Laser ein-
gebrachte Heizleistung insgesamt deutlich gesenkt. Um dies zu iiberpriifen wurde ein
direkter Vergleich und damit eine quantitative Bewertung der beiden Pumpverfahren
an dem selben VECSEL durchgefiihrt. Die Rahmenbedingungen fiir das Pumpen, d.h.
PumpfleckgroBe, Einfallswinkel des Pumplichts, Wéirmesenkentemperatur, und die Lage
des Pumpflecks auf der Probe wurden beim Vergleich von QW- mit dem Barriere-Pumpen
gleich gehalten. Dabei galt das grofte Augenmerk der Frage, ob die Wirme, welche durch
den Quantendefekt entsteht, wesentliche Auswirkungen auf das Verhalten des VECSELSs
im Laserbetrieb hat.

Das QW-Pumpen erscheint prinzipiell als leicht umsetzbare technische Losung, fiir die
erfolgreiche Umsetzung miissen jedoch einige grundlegende Voraussetzungen erfiillt
werden. Um AlGalnP-Laser mit hohen Ausgangsleistungen zu realisieren, gibt es zwei
wesentliche Faktoren: Die Effizienz bei der Pumpabsorption und die hohen notwendigen
Pumpleistungsdichten. Da die Photonenenergie beim QW-Pumpen gerade oberhalb der
Absorptionskante des aktiven Materials liegt, ist die Absorption pro Volumen bzw. pro
Durchgang durch den VECSEL vergleichsweise gering. Aus diesem Grund wurden meh-
rere Pumplichtdurchginge durch das aktive Material implementiert, was die effektive
Absorptionsldnge und die Gesamteffizienz der Absorption deutlich erhohte. Wie viele
Pumplichtdurchgénge bei einem VECSEL benétigt werden, hiangt wiederum von der
Leistungsdichte und von den folgenden spezifischen Eigenschaften der Probe ab: Dem
Reflektionsspektrum des realisierten Braggspiegels und dem Absorptionsspektrum der
Quantenfilme, sowie von der rdumlichen Lage des Stehwellenmusters relativ zu den
Quantenfilmen. Grundsitzlich werden hohe Pumpleistungsdichten angestrebt, um hohe
Ausgangsleistungen zu erzielen. Die Laserschwelle wird bei AlGalnP VECSELn bei ei-
ner Pumpleistungsdichte von etwa 10 kW /cm? erreicht, wihrend die hichsten optischen
Effizienzen bei etwa 80 kW /cm? demonstriert wurden. Kommerziell erhiltliche faserge-
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koppelte Pumpdioden, die Licht bei einer Wellenldnge von 640 nm emittieren, weisen
zum Beispiel im Vergleich zu herkémmlichen Pumpdioden mit einer Zentralwellenldnge
von 940 nm eine wesentlich geringere Brillianz auf. Momentan ist eine direkte Skalie-
rung der Ausgangsleistung durch Erhohen der Pumpleistung zu beispielsweise mehreren
100 W nicht moglich. Um die notwendigen hohen Pumpleistungsdichten zu erzeugen,
muss demzufolge ein kleiner Pumpfleckdurchmesser realisiert werden. Dies fiihrt in
der etablierten Pumpoptik fiir die Mehrfachabbildung zu vergleichsweise groflen Strahl-
durchmessern auf dem Parabolspiegel. Folglich limitieren der zur Verfiigung stehende
Raumwinkel und die Gro8e der Pumpstrahlen die Anzahl der umsetzbaren Pumplicht-
durchgéinge im VECSEL. Zukiinftige Weiterentwicklungen der Ausgangsleistung und der
Brillianz von Pumpdioden, welche bei einer Wellenldnge von 640 nm emittieren, wéren
duBerst niitzlich fir AlGalnP VECSEL Technologie.

Aus den Versuchen ergab sich bei der Verwendung von QW-Pumpen im Vergleich zum
Barriereschichtpumpen eine Verbesserung der Effizienz auf das 3,5-Fache. Somit konnte
ein differentieller Wirkungsgrad von 60% mit QW-Pumpen bei einer Wirmesenkentempe-
ratur von 15 °C erzielt werden. Des Weiteren konnte der CW-Laserbetrieb sogar bei Wiir-
mesenkentemperaturen von bis zu 55 °C realisiert werden. Dabei wurden die temperatur-
und die leistungsabhingige Photolumineszenz (PL) gemessen, um die in der Laserstruktur
resultierende Temperatur aufgrund der eingebrachten Wirme zu bestimmen. Die Ergeb-
nisse wurden mit Berechnungen der Wirmeleitung und der Temperaturverteilung im
Halbleiterchip verglichen, welche mit der Software COMSOL Multiphysics durchgefiihrt
wurden. Des Weiteren konnte sowohl anhand der Messungen als auch der Rechnungen
gezeigt werden, dass die insgesamt erzeugte Wirme beim QW-Pumpen tatsichlich signi-
fikant kleiner ist als beim Barriereschichtpumpen. So wurde beispielsweise bei einem
Pumpfleckdurchmesser von 40 um bezogen auf die absorbierte Pumpleistungsdichte eine
Temperaturerhohung von nur 0,0214 K pro kW /cm? beim QW-Pumpen statt 0,251 K
pro kW /cm? beim Barriere-Pumpen gemessen. Diese Resultate zeigen das Potenzial des
QW-Pumpens beim Anregen von rot emittierenden AlGalnP Lasern auf. Insbesondere
die Kombination des QW-Pumpens mit Mehrfachdurchgéingen der Pumpstrahlung im
VECSEL erschien vielversprechend und wurde daher untersucht. Durch das Umsetzen
beider Verfahren mit einem fasergekoppelten Pumpdiodenlaser konnte mit einem Al-
GalnP VECSEL eine Ausgangsleistung von 2,5 W bei einer Wellenldnge von 665 nm
erzielt werden. Der Laser wurde bei einer Wirmesenkentemperatur von 10 °C betrieben.
Durch resonatorinterne Frequenzverdopplung konnte mit diesem Laser eine Ausgangsleis-
tung von bis zu 820 mW bei einer Wellenlénge von 333 nm demonstriert werden. Diese
Werte sind nach bestem Wissen sowohl fiir die fundamentale als auch fiir die verdoppelte
Frequenz der Emission die hochsten bislang mit dieser Art von Lasern im CW-Betrieb
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realisierten Ausgangsleistungen. Durch VergroBern des Pumpfleckdurchmessers konnte
zudem die Ausgangsleistung des Lasers bei einer Wellenlidnge von 665 nm auf 3,3 W ge-
steigert werden. Der Laserbetrieb war an diesem Arbeitspunkt allerdings nicht dauerhaft
stabil, was hochstwahrscheinlich auf eine Uberhitzung zuriickzufiihren ist. Unter Einsatz
von gepulstem Pumpen mit einem Tastverhéltnis von 50% konnte der Laser bei einer
Spitzen-Ausgangsleistung von 3,6 W reproduzierbar und stabil betrieben werden. Die
erzielten Ergebnisse zeigen das hohe Potenzial von QW-Pumpen und Mehrfachdurchgang
der Pumpstrahlung fiir optisch gepumpte AlGalnP-basierte Halbleiterscheibenlaser auf.
Die in dieser Arbeit untersuchte Kombination von QW-Pumpen und Mehrfachdurchgang
des Pumplichts ermoglichten eine Erhchung der Ausgangsleistung und der Effizienz von
AlGalnP-VECSELn sowohl im roten Spektralbereich als auch im frequenzverdoppelten
Betrieb.

Weiterhin wurde ein AlGalnP VECSEL in transmissiver Anordnung untersucht. Die
aktive Membran ohne DBR wurde vom Wafer abgetrennt und zwischen zwei resonatorin-
ternen Diamant-Wirmespreizern montiert. Die optische Anregung der aktiven Membran
wurde mittels QW-Pumpen mit Mehrfachdurchgang des Pumplichts implementiert. Der
Laserbetrieb wurde erstmals realisiert, womit die Machbarkeit dieses Konzepts nachge-
wiesen wurde.



Extended Abstract

Red-emitting Aluminium-Gallium-Indium-Phosphide (AlGalnP) optically pumped se-
miconductor disk lasers (OPSDLs) or vertical external-cavity surface-emitting lasers
(VECSELSs) have been subjects of interest for laser sources in the last decade because
they are suitable for use in display technology which uses RGB sources with moderate
power and good beam quality and due to their potential for 2"¢ harmonic generation
to achieve emission of ultraviolet (UV) radiation. Prior to this work, elaborate cooling
schemes and pump sources with very high brightness were prerequisites to operation of
red AlGalnP VECSELSs. Although heat extraction by means of using intracavity diamond
heatspreaders have improved the performance of highly temperature-sensitive AlGalnP
VECSELSs, enabling them to be operated in continuous-wave (cw) mode, pumping with
larger pump spots remained problematic. This is clearly manifested in the demonstrated
output powers of only up to 1.3 W and slope efficiencies of less than 20%. These pre-
viously reported red-emitting AlGalnP VECSELSs were operated with diameters of the
pump spot that were smaller than 100 um and at heat-sink temperatures ranging from
0°C down to —31 °C. These limitations in power scaling have been addressed and have
been overcome in the framework of the research reported on in the present thesis.

To address the highly temperature-dependent poor performance of the AlGalnP VEC-
SELs, two conceptual designs are proposed in this thesis. The first one is a pumping
configuration to overcome temperature-dependent limitations in the power scaling of
AlGalnP VECSELSs. Particular to this scheme is the direct pumping of the quantum wells
(QWs) combined with the multi-pass pumping typical of diode-pumped solid-state thin-
disk lasers. The second conceptual design comprises the combination of QW-pumping and
a configuration using two intracavity heatspreaders in order to set up a VECSEL without
distributed Bragg reflector (DBR), which represents the bottleneck in heat extraction.

While QW-pumping of AlGalnP VECSELSs is based on the absorption of the pump
photons with a wavelength of 640 nm within the QW heterostructures of the gain region,
another kind of pumping scheme is commonly used, which is based on the absorption
of the pump photons with a wavelength of 532 nm in the barrier and the spacer layers.
The latter pumping scheme is called barrier-pumping and applied to AlGalnP VECSELs
allows to obtain output powers of more than 1 W. By replacing barrier-pumping with
QW-pumping, the heat generated within the active region due to the energy difference
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of pump and laser photon (quantum defect) can be reduced by 50% to 75%. Hence,
the overall heat load is strongly decreased. Following this argument, to quantify the
actual improvement, a direct comparison of QW-pumping to barrier-pumping was carried
out within this work. The conditions such as size of the pump spot, pumping angle,
heat-sink temperature and position of the pump spot on the laser device, were kept the
same for QW-pumping and barrier-pumping. The investigation on the laser performance
was focused on determining whether the heat generated due to the quantum defect has a
major effect on the overall performance of the device.

Although the implementation of QW-pumping for high-power operation appears to be
a straightforward turnkey solution, there are several fundamental requirements to make
this pumping scheme serve its purpose. Very important factors in realizing high-power
AlGalnP VECSELs using QW-pumping are the efficiency of the pump absorption and
the power density of the pump laser. The efficiency of the pump absorption per pump
pass is comparatively low when using QW-pumping since the energy of the pump photon
is slightly above the absorption edge of the active material. With this in mind, the
overall efficiency of the pump absorption for an AlGalnP VECSEL was increased by
implementation of several pump passes through the active material in order to increase the
propagation length of the pump radiation in the active material. The number of necessary
pump passes on the other hand is highly governed by the pump power density and the
properties of the laser device, specifically the spectral position of the high-reflection
band of the DBR and the absorption band as determined by the structure of the laser
device. Additionally, the achievable pump power density should be as high as possible
to obtain the maximum possible output power. The pump power density necessary to
reach the laser threshold of an AlGaInP VECSEL amounts to approximately 10 kW /cm?,
the highest efficiency is typically achieved at 80 kW /cm?. The commercially available
fiber-coupled pump diodes emitting at a wavelength of 640 nm have a comparatively low
brightness in comparison to e.g. the state-of-the-art diode lasers emitting at a wavelength
of 940 nm. Since scaling of the pump power density by increasing the pump power to e.g.
several 100 W is not possible at this time, in order to reach high pump power densities a
small diameter of the pump spot is necessary. This results in comparatively large beam
diameters on the parabolic mirror used for pumping. As a consequence, with the given
size of the pump optics, the number of beams distributed on the parabolic mirror and
therefore the number of pump passes in the VECSEL, is limited. Future increases of the
output power and the brightness of the pump diodes emitting at a wavelength of 640 nm
would be beneficial to the AlGalnP VECSELSs.

The results of this work showed that the efficiency with respect to the absorbed pump
power of AlGalnP VECSELs was enhanced by 3.5 times when using QW-pumping
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instead of barrier-pumping. A slope efficiency of 60% was obtained with QW-pumping at
a heat-sink temperature of 15 °C. Continuous-wave laser operation was further demons-
trated at heat-sink temperatures of up to 55 °C. Both, temperature- and power-dependent
photoluminescence (PL) measurements were carried out to measure the increase of tem-
perature in the laser device. The measured values were compared with the increase of
temperature resulting from heat transfer calculations using the COMSOL Multiphysics™
software. Both the measurement of photoluminescence and the COMSOL simulation
show that the overall heat load in the QW-pumped laser is smaller than in the barrier-
pumped laser. For instance, with a diameter of the pump spot of 40 um the temperature
rise with respect to the absorbed pump power density was measured to be only 0.0214 K
per kW /cm? for QW-pumping instead of 0.251 K per kW /cm? for barrier-pumping. The-
se results demonstrated the potential of QW-pumping for the operation of red-emitting
AlGalnP disk lasers and encouraged to explore QW-pumping further, especially in com-
bination with the multi-pass pumping. The implementation of both QW-pumping and
multi-pass pumping with a fiber-coupled diode laser resulted in an output power of 2.5 W
from an AlGalnP VECSEL emitting at a wavelength of 665 nm. It was operated at a
heat-sink temperature of 10 °C. Intracavity frequency-doubling allowed to generate a
UV laser beam with a power of 820 mW at a wavelength of 333 nm. To the best of my
knowledge, these are the highest CW output powers from this type of laser when operated
at the fundamental wavelength and in frequency-doubled operation so far. When operated
at the fundamental wavelength, further power scaling by increasing the size of the pump
spot resulted in an increased output power of 3.3 W. However, the laser operation was not
stable on the long term, most likely due to overheating. When the laser was operated with
a pump duty cycle of 50 %, a reproducible and stable peak output power of 3.6 W was
obtained. The combination of QW-pumping and multi-pass pumping allowed to increase
the output power and the efficiency of AlGalnP VECSELSs, both at the fundamental
wavelength of 665 nm and at the frequency-doubled wavelength of 333 nm.

Furthermore, a transmissive configuration of the AlGalnP VECSEL was investigated. A
DBR-free active region was removed from the growth wafer and was mounted between
two intracavity diamond heatspreaders. Quantum-well and multi-pass pumping were
implemented for excitation of the active region. Laser operation of the VECSEL in
transmissive configuration was realized for the first time within the scope of the research
reported on in this thesis, hence, proving the concept’s feasibility.



1 Introduction

1.1 Motivation, Aim and Concept of this work

Laser technology brought about new applications from laboratories to an indispensable
tool in almost all relevant areas of our daily lives. Examples of applications include metal
processing like drilling, welding, annealing and cutting using gas lasers, fiber lasers, thin-
disk lasers and diode lasers. Manufacturing of semiconductor and microelectronic devices,
as well as communications and optical data storage mainly use laser diodes. Further
applications are in the field of defense, medicine and cosmetics, optical characterizations
such as spectroscopy, microscopy and metrology. Nowadays, lasers are indispensable in
display and projection technologies, printing and many more. As future applications will
continue to emerge, the use of lasers will only become more widespread.

Concerning the semiconductor lasers, one of their major applications is in the field
of lithography, which requires ultraviolet (UV) laser light. Semiconductor lasers offer
advantages over conventional UV laser sources such as Nitrogen lasers and Helium-
Cadmium lasers, because they are compact, inexpensive, efficient, reliable and can
be designed to emit at the desired wavelength. However, generation of high-power,
continuous-wave UV light by direct emission from semiconductor lasers is difficult.
The shortest wavelength in the UV spectral range that has been achieved by direct
emission is about 370 nm [1]. Another means of shortening the emission wavelength of
semiconductor lasers is by frequency conversion. For example, Toptica applies second
and fourth harmonic generation to generate light in the wavelength range of 190 nm to
680 nm [2].

A much more attractive means to generate UV light would be the vertical-external-cavity
surface-emitting laser (VECSEL) or optically pumped semiconductor disk laser (SDL).
VECSELSs can be used to generate output beams of good beam quality more easily and
the conversion efficiency is increased as the second-harmonic generation SHG of UV
light is implemented in the external cavity of the VECSEL. VECSELSs have drawn much
attention from the research community in the last two decades due to their potential in
combining favorable properties of two distinct types of lasers: The solid-state Thin-Disk
Laser (TDL) and the vertical-cavity surface-emitting lasers (VCSELSs). As its name
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suggests, this comparatively new type of laser works by exciting a thin semiconductor
gain material, by means of optical pumping to generate a laser radiation in a cavity which
consists of a highly reflective gain mirror and one or more external partially transmitting
laser mirrors. Due to these features, the architecture of the VECSEL is a composite of
the solid-state TDL geometry and semiconductor gain material. quantum-well-pumped
(QW-pumped) VECSELS typically contain a thin gain region, resulting in low single-pass
absorption and single-pass gain, which in turn would benefit from multi-pass optical
pumping and resonators with low round-trip losses.

VECSELSs have features which are advantageous and are suitable for future applications.
As mentioned by Okhotnikov in [3] these features include:

Coverage of a broad wavelength range, from ultraviolet to the infrared, is possible
out of the available GaN, GaAs, InP and GaSb semiconductor material systems
and customized structural designs.

With the know-how in band gap engineering, laser properties such as high output
powers, low laser threshold, high efficiency of absorption of the pump light and
high optical efficiency can be tailored.

Since the semiconductor layers of VECSELSs, in contrast to the ones of Vertical-
cavity surface-emitting lasers (VCSELSs), are not doped, the epitaxial growth is
simplified. Additionally, the strong free-carrier absorption of the doped regions
which can degrade laser threshold and efficiency is eliminated.

As VECSELSs are pumped optically, there are no p-n junctions and electrical
interconnects and consequently, losses due to heating are reduced.
With the availability of high-power, multimode diode lasers for pumping and the

power scalability by means of increasing the size of the pump spot, output powers
of several mW in continuous-wave (CW) fundamental-mode operation with a beam
propagation factor of M? < 1.3 are possible.

The external cavity of the VECSEL provides versatility in resonator design which is
desirable for introducing or inserting of various intracavity optical elements. These
include nonlinear optical crystals, etalons, Brewster’s angle birefringent filters,
saturable absorbers, high-reflectivity gratings, for intracavity techniques such as
frequency mixing, wavelength tuning, stabilization of polarization, modelocking,
or heat dissipation using intra-cavity heatspreaders. In addition, resonators can
contain multiple semiconductor disks for further power scaling.

Red-emitting VECSELs with wavelengths ranging from 650 to 670 nm can efficiently be
frequency-doubled to the wavelength range of 325 to 335 nm using intracavity nonlinear
crystals [4]. Further extension towards shorter wavelengths is possible by external SHG
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of the already frequency-doubled laser emission.

Despite the demonstrated success in the first stage of SHG of red VECSELs to UV
emission, the output power has been rather modest which is to a large extent due to the
limited performances of the laser already at the fundamental emission wavelength. Thus
it is of critical importance to address firsthand the challenges in the fundamental red
emission.

Improvement of the performance of the laser emitting in the red visible range would
also benefit entertainment industry, in particular, the RGB sources in projector display
technology. Lasers for this application require moderate output powers of several hundreds
of mW to a few tens of W. One main advantage of using lasers instead of the conventional
lamp projectors is the laser’s wide range of spectral coverage with narrow spectral
emission widths. Of course, lasers with good beam quality and power scalability are vital
to the performance of projectors, leading to unrestricted depth of focus, high contrast
ratio and sharpness of the resulting image. Aluminium-Gallium-Indium-Phosphide-based
(AlGalnP-based) VECSELs can meet those requirements.

Commonly used laser oscillator architectures for the generation of red laser light for RGB
applications as well as potential benefits of QW-pumped VECSELSs will be described
in the following. Noticeably, in the red spectral range, there are not that many elegant
alternative solutions.

To date, Pr3T:LiYF4! (also known as Pr:YLF) rod lasers, have been widely exploited.
Pr:YLF is typically used for emission in the visible spectral range with wavelengths
ranging from 480 nm to 720 nm and is being pumped at one of the absorption peaks
at around 440-480 nm. The revival of the Pr:YLF rod lasers in the laser market was
ushered by the development of pump sources with emission in the blue spectral range
with a wavelength of approximately 480 nm. For example, red emission at a wavelength
of 640 nm was achieved from direct pumping of Pr:YLF by InGaN? laser diodes [5, 6].
With the development of high-power InGaAs based VECSELs emitting at a wavelength
of 960 nm and intracavity frequency-doubled emission at a wavelength of 480 nm [7, §],
access to higher output powers of up to 3 W became possible with a Pr:YLF rod laser [9].
The structure of VECSELS suitable for red laser emission can be complex too if green
pump light is necessary. To summarize, the commonly used red lasers require rather
complex (SHG) pump sources, or are limited by the output powers available from
InGaN based lasers. Development of VECSELs which can be excited directly using

Trivalent Praseodymium-doped Lithium Yttrium tetra-Fluoride or Pr:YLF
%Indium Gallium Nitride
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the fundamental emission from another semiconductor pump laser, e.g. AlGalnP based
lasers, would offer a simple laser layout, higher efficiencies and higher obtainable output
powers.

Therefore the work for this thesis, which started in 2012, concentrated on developing and
optimizing VECSELSs emitting light at wavelengths of 660 to 670 nm and at wavelengths
of 330 to 335 nm. It is a continuation of the work on the red-emitting VECSELs which
was carried out during the past years. The main work discussed in this present thesis
was focused on a conceptual pumping design that aimed to reduce the heating which is
induced in the gain medium due to pumping and consequently increase the efficiency
of the red VECSEL. Red emission was directly generated from a GalnP/AlGalnP/GaAs
VECSEL while UV light was the result of frequency-doubling the red-emitting VECSEL.
As frequency conversion is well known, this work will not elaborate the details of the
conversion. The main focus was to investigate and optimize a concept for high-power
red VECSELSs, suitable for intracavity frequency-doubling to achieve generation of
high-power UV radiation. As a consequence, within the studies of this work, AlGalnP-
VECSELSs emitting in the red and UV spectral ranges with record high output powers were
demonstrated. A systematic scheme for direct excitation of the QWs of the active region
combined with multi-pass pumping, led to an improvement of the obtainable output power
to twice the value which was previously achieved with a red-emitting VECSEL [10].
Furthermore, the implementation of intracavity frequency-doubling enabled an increase
of the output power of the generated UV radiation by a factor of two, as compared to
the state of the art. In conclusion, this work showed a significant step forward for cw
VECSEL:s in generating laser beams in both the red and the UV spectral range.

1.2 Outline

This thesis is structured as follows. Chapter 2 presents the basic principles of the VECSEL
laser operation and the state of the art. Additionally, the structure and properties of the gain
material, as well as different pumping schemes are described. A direct comparison of the
laser performances of the QW- and barrier-pumped VECSEL operated in continuous-wave
and at the fundamental wavelength are presented in chapter 3. Here, the laser performance
is described regarding output power, efficiency and emission spectra. In another part
of this chapter, calculations of the heat deposited in the active region using COMSOL
Multiphysics finite element analysis are presented and compared with experimental
measurements. Power scaling by increasing the efficiency of the absorption of the pump
light of the VECSEL is discussed in chapter 4. Furthermore, chapter 4 covers results
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of the intracavity frequency-doubling. The 5th chapter describes and presents the laser
performance of the QW-pumped diamond-sandwiched DBR-free semiconductor gain

chip.
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