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Abstract

Optically-pumped semiconductor disk lasers are light sources that combine traditional
solid state disk laser architecture with gain material made of semiconductor nano-layers.
The laser design offers an attractive oppportunity to produce high-power, high-brightness
laser radiation at a wavelength that is controlled by semiconductor bandgap engineering.
Moreover, the laser can be very compact, yet it can be mode-locked to produce ultra-
short optical pulses or efficiently frequency-doubled to produce visible colors. Because
of their advantageous characteristics, semiconductor disk lasers are highly interesting for
a number of applications including laser projection, optical pumping, optical clocking
and substitution of certain gas- and ion-lasers.

This thesis concerns the research and development of semiconductor disk lasers emit-
ting at visible and infrared wavelengths. The semiconductor structures used in this work
are based on InGaAs/GaAs, GalnNAs/GaAs and GalnSb/GaSb material systems. In par-
ticular, it was shown in this thesis that frequency-doubled dilute nitride GaInNAs disk
lasers can be used to generate the high-power red emission that is preferred for display
applications. Power scaling to the 1-W level and 100 nm wavelength tunability were
demonstrated for a gallium antimonide based disk laser operating near 2 ym. The novel
concept of an intracavity frequency-mixed dual-wavelength disk laser was proposed and
demonstrated in this thesis. The laser, operating at two infrared wavelengths near 1 ym,
generated 130 mW of aquamarine sum-frequency emission in total, suggesting good spa-
tial and temporal overlap of the two near-infrared beams. Based on this observation it is
reasonable to believe that efficient difference-frequency generation producing coherent

emission at a mid-infrared wavelength could be possible in a similar laser in the future.
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Chapter 1
Introduction

The work presented in this thesis focuses on a particular type of laser commonly known
as the optically-pumped semiconductor disk laser (OP-SDL) or the OPS-VECSEL, (op-
tically-pumped-semiconductor vertical-external-cavity surface-emitting laser). Although
derived from different origins, both terms can be well justified and capture the essence of
the laser’s nature: that is to use optically-pumped thin-disk semiconductor gain material
for generating surface-normal laser radiation in a cavity that is formed between the gain

mirror and one or more laser mirrors, external to the gain structure.

The term SDL is originally derived from solid-state disk lasers, while VECSEL orig-
inates from vertical-cavity surface-emitting lasers (VCSELSs) utilizing an external cav-
ity. Today both terms are used interchangeably for optically-pumped devices. Vertical-
external-cavity diode lasers are usually called electrically-pumped VECSELS or injec-
tion pumped VECSELSs. This thesis concerns only optically-pumped devices, for which
the term SDL shall be used hereinafter.

Owing to the external mirrors, SDLs are less compact than monolithic VCSELs
or edge-emitting semiconductor diode lasers, such as those commonly used in DVD
players, bar code readers and telecom applications. However, due to their small mode
area, VCSELSs or single-mode edge-emitting lasers can not typically reach the multi-watt
power levels required for many industrial, medical, scientific and measurement related
applications. Such applications have long been dominated by solid state, gas and ion

lasers, which are in fact brightness converters; pumped with low brightness light from
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Chapter 1. Introduction

multi-mode diode bars or flash pumps, these lasers can produce high power, circular
single-transversal-mode output beams, required for demanding applications. Limita-
tions to these lasers typically arise from their price, size, complexity, and efficiency in
converting pump radiation into signal. Accessible spectral regions are also limited by
the availability of gain materials having the required laser transitions.

The architecture of OP-SDLs is a composite of solid state disk laser geometry and
semiconductor gain material. Consequently, SDLs combine many of the good features
associated with solid state disk lasers with the flexibility offered by the semiconductor
gain material. Contrary to VCSELs and edge-emitting lasers, the SDL cavity design
allows for up-scaling of the fundamental mode area, enabling power to be extracted
from a large gain area. Therefore, SDLs are capable of producing multi-watt output
power with excellent beam quality, while maintaining a power density below the material
damage threshold. SDLs can be highly efficient, and they can be packaged in compact
form. An advantage of semiconductor gain material is mature fabrication technology and

capability to cover a wide spectral range simply by controlling the material composition.

1.1 Incentives

This work was started in 2004 and it initially aimed to develop an ultra-fast multi-GHz
disk laser for telecom clocking applications. Mode-locked SDLs are part of the work that
was carried out during the past years, but the work included in this thesis concentrates
on continuous wave (cw) devices and concepts that aim to broaden the spectral coverage
of semiconductor disk laser technology.

It was observed at an early stage that infrared (IR) SDLs possess high potential for
generating frequency-doubled red-green-blue (RGB) emission in a compact form factor.
In particular, laser projection TVs and projection displays integrated in portable devices,
such as laptops, would gain from compact low-cost RGB sources. Advances in the de-
velopment of GaN lasers have brought blue laser diodes into the market, but so far it
has been challenging to directly generate green or short wavelength (<635 nm) red emis-
sion preferred for display applications. The intracavity frequency-doubling technique

has been previously applied to SDLs resulting in demonstrations of multi-watt blue [1],
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1.1. Incentives

green [2], and yellow [3] sources. However, when this work began, frequency-doubled
amber-orange-red SDLs had not been studied extensively, and development of a high
power ~ 620 nm emitting GalnNAs-based SDL became one of the main objectives of
this work. This part of the work is presented in chapter 4]

Another important part of this work was carried out in co-operation with Univer-
sitdt Wiirzburg in Germany, and was dedicated to GaSb-based SDLs emitting at 2-um
wavelength. Radiation in this wavelength range can be utilized in gas sensing, life sci-
ences, and environmental monitoring. As an extension of earlier demonstrations of long
wavelength GaSb-based SDLs, our aim was to further improve these devices in terms
of output power and wavelength tuning. The results obtained from the 2-um laser are
described in chapter [5]

The unique feature that differentiates SDLs from conventional disk lasers is that the
emission wavelength can be accurately controlled by means of bandgap engineering.
This property allowed us to introduce previously an SDL that operated simultaneously
at two wavelengths with large spectral separation [S§]]. Within this thesis the concept was
further developed and we demonstrated an intracavity frequency-mixed dual-wavelength
SDL generating sum-frequency emission near 507 nm. This study aimed to set the basis
for future development of a disk laser generating difference-frequency emission in the
mid-infrared. The sum-frequency experiment and results are discussed in chapter [0

This thesis is a compilation of separate pieces of the author’s work in the field. A
common denominator for all parts of the work is the concept of an optically-pumped
thin disk semiconductor laser. The following chapters should introduce the reader to the
laser concept, present previous achievements in the field and provide an overview of the

author’s contribution. Concluding remarks of the work are given in chapter|7}



Chapter 2

Semiconductor disk lasers

2.1 The prior art

To the author’s knowledge the very first reports on an optically-pumped semiconductor
disk laser were published in 1991 by W. B. Jiang et al. [4] from NTT Basic Research
Laboratories and Le et al. [5] from MIT. The laser reported by NTT was based on the InP
material system and emitted 190 mW near 1.5 um wavelength. The laser was cooled with
liquid nitrogen and pumped by 1.32 um radiation from a Nd: YAG laser. Sub-picosecond
pulses were reported in synchronously pumped mode-locked configuration with subse-
quent external pulse compression. During the very same year the group reported pulse
compression down to 21 fs [6]. In 1992, low power, room temperature operation of a
GaAs-based SDL in continuous wave mode and pulsed operation was reported in [7]
and the NTT group reported on the first high power (700 mW) device based on GaAs

material system [8].

The early reports on OP-SDLs presented truly heroic results, both in terms of con-
tinuous wave output power and ultra-short pulse generation. However, these devices
were pumped with expensive solid-state or dye lasers and could not reach significant
power levels at room temperature, or temperatures accessible with thermo-electric cool-

ers, which made them unsuitable sources for practical applications.
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2.2. The state of the art

2.2 The state of the art

The first optically-pumped semiconductor disk laser with modern design and function-
ality was reported in 1997 by Mark Kuznetsov et al. [9]. The laser could operate at room
temperature and above, it produced relatively high output power (>0.5 W) and it was
pumped with a commercial multi-mode 808-nm diode laser. These advances were made
possible by development of the pump diodes, use of highly efficient multiple quantum
well InGaAs/GaAs gain material and careful thermal management, which included flip-
chip bonding of the sample onto a diamond heat spreader and subsequent removal of
the semiconductor substrate. The combination of efficient gain material, good thermal
dissipation and a practical pumping scheme has remained the design guideline for mod-
ern SDLs targeting higher power, efficiency, wide spectral coverage, passive and active
mode-locking and frequency-conversion.

The output power of an SDL can be increased to many Watts with reasonable beam
quality by enlarging the pumped gain area and the fundamental mode size accordingly,
as demonstrated by Lutgen et al. [10] and Chilla et al. [11]. A large pump area allows an
increase in pump power without risk of catastrophic optical damage, but eventually ther-
mal roll-over and the appearance of multiple transversal-modes due to thermal lensing
start to degrade the laser performance. Power scaling and distribution of the heat load
by exploiting multiple gain elements is a technique that allowed earlier demonstration
of a 1-kW solid state disk laser [12]. This technique was already proposed for SDLs in
1991 [5], and was later successfully demonstrated by a number of groups [13—15]. The
local heat load can also be reduced by division of the pump energy into multiple spots
on a single gain element as proposed in [16]. This approach is particularly suitable for
micro-chip SDLs that can support operation of separate lasers sharing a single gain chip
as presented in [17].

The cornerstone of SDL research has been InGaAs/GaAs-based devices emitting
near 1 um. The rapid progress in this spectral region has been due to efficient gain
materials, availability of 808-nm pump diodes and the capability to grow lattice matched
AlAs/GaAs Bragg reflectors on GaAs with reasonable index contrast. Lately, there has
been much interest in expanding the SDL technology to spectral regions such as the
blue [18], red [19,20], 850 nm [21-23], 920 nm [24], 1100-1350 nm [25,26], 1550 nm
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Chapter 2. Semiconductor disk lasers

[27-29] and beyond 2 um [30,31]. The work presented here was largely motivated by
the need to broaden the spectral coverage of SDLs with high output power, especially
at 580-630 nm and 2 ym. Taking into account the possibility for efficient frequency-
doubling, today SDL technology can largely cover the spectral band from the ultraviolet

to the long-wavelength edge of the near-infrared region, as shown in Table 2.1}

The external cavity allows use of low-loss wavelength selective elements, such as
birefringent filters (BFs), volume Bragg gratings (VBGs) and Fabry—Pérot (FP) etalons.
These elements can be effectively used to produce wavelength stabilized narrow band
[32], single-frequency [33,34] and wavelength tunable radiation [35], for enhanced spec-

tral characteristics.

In addition to spectrally selective elements, components for short pulse generation
may also be included in the cavity. The broad gain bandwidth makes SDLs attractive
sources for ultra-short pulse generation with potential applications in high-speed com-
munications, switching, sampling and clocking applications. Mode-locked SDLs [39]
have shown capability for producing sub-picosecond pulses [40], tens of gigahertz rep-
etition rates [41] and high power [42]. Current semiconductor technology allows for
monolithic integration of the gain mirror and the semiconductor saturable absorber mir-
ror (SESAM) into a compact, mode-locked SDL [43].

The availability and practicality of the pump source often defines whether an opti-
cally pumped laser is a feasible solution for a chosen application or not. Typically, the
SDL is pumped with radiation with photon energy higher than that of the signal. Spec-
tral requirements for the pump source are rather relaxed for these spacer/barrier pumped
lasers, but the large quantum defect can be problematic for certain applications. Direct
in-well pumping enables use of nearly equal pump and signal photon energies and offers
an interesting way to convert pump radiation into signal [44]. Usually pump circulating
optics are required in in-well pumped lasers, but due to the reduced quantum defect, the
pumping can be highly efficient, with a reported optical-to-optical conversion efficiency
in excess of 50% [23]. The laser can also be pumped electrically by direct injection
of carriers into the quantum wells. Indeed, some of the very first vertical-external-
cavity surface-emitting laser were electrically-pumped VCSELs in which the external

mirror was used for spectral control [45] and suppression of higher order transversal-
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2.2. The state of the art

Table 2.1: Srate of the art cw optically-pumped semiconductor disk laser emitting at various

wavelengths.
Wavelength Power Temp. M? Year Ref. Comments
(nm) W)  (°0)
338 0.12 —10 N/A 2006 [36] Frequency-doubled
391 N/A 27 N/A 2003 [18]
460 1.9 0 N/A 2007 [1] Frequency-doubled
488 15 N/A N/A 2004 [11] Frequency-doubled
535 7 20 N/A 2006 [2] Frequency-doubled
575 8 N/A N/A 2007 [3] Frequency-doubled
612 2.68 7 N/A 2007 [ | Frequency-doubled
853 1.6 12 <1.1@1IW 2007 [23] In-well pumped
920 12 20 2 2007 [24]
980 30 N/A 3 2004 [11]
1000 8 0 <1.8 2003 [10]
1055 4 15 <1.15 2006 '|
1060 10 0 <1.7 2006 [37]
1170 7 5 <1.46 2007 [25] Tuning 1147-1197 nm
1240 1.46 8 N/A 2007 [ |
1320 0.6 5 <1.2 2004 [26]
1541 0.78 -30 <1.2 2004 [29]
2025 1 5 <145 2006 [F]
2360 322 1 i55 N/A 2007 [38] In-well pumped
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modes [46]. Electrically pumped devices have reached the 0.5-W power level in con-
tinuous wave single-transversal-mode operation [47] and are obviously independent of
availability of pump diodes. However, difficulties in current spreading, optical absorb-
tion in doped semiconductor material and intensive processing requirements make these
devices less attractive for research purposes, where quick processing and feedback on

laser properties give the competitive edge.

2.3 View of the market and future art

The current market for commercial cw SDLs relies mainly on replacement of low-power
(<0.5 W) ion lasers at 460 nm and 488 nm, used in various scientific, medical and indus-
trial applications. In the future, the breakthrough market for SDLs and EP-VECSELSs is
presumably laser TVs and laser projection systems used in homes, offices and in portable
electronics. So far the development of this market has been technologically hindered by
the lack of green laser diodes. Frequency-doubled semiconductor micro-chip lasers are
potential candidates to fill this gap. Eventually, the success of OP-SDLs in the market
will depend on the component cost, wall plug efficiency, footprint and practicality of
the pumping scheme. Undoubtedly a lot of development effort will be directed towards
perfecting an optical pumping scheme that is compact and can be produced industrially
at low cost.

In the author’s view the medical and scientific market will expand to new wave-
lengths from 460 nm and 488 nm. The rapid development of blue GaN multi-mode
diodes suggests that red SDLs could be pumped with diode lasers in the near future. Such
progress would greatly promote commercial deployment of frequency-doubled SDLs
emitting in the UV. The amber-orange-red spectral window is also commercially very
interesting. As demonstrated in this thesis, GaInNAs/GaAs gain material offers a conve-
nient way to access these wavelengths, but undoubtedly the technological boundaries of
InGaAs/GaAs technology will be pursued in this quest in the future as well.

It is likely that the emission wavelength of GaSb-based SDLs is going to be pushed
further towards and into the mid-infrared region, in part for purely scientific reasons, but

also because of commercial motivation.



2.4. Device structure

Figure 2.1: Semiconductor disk laser: Simple linear cavity setup and SEM micrographs showing

the gain mirror. OC = Output coupler, DBR = Distributed Bragg reflector.

To the author’s knowledge, the very first lasing guantum dot (QD) SDLs were demon-
strated at the ORC by Jussi Rautiainen during the time of writing [48]. From a funda-
mental point of view it is interesting to see if QD-based disk lasers can provide additional

benefits for spectral coverage, wavelength tuning and mode-locking.

2.4 Device structure

A semiconductor disk laser consists of a gain mirror, one or more external laser mirrors,
and optical pumping of the gain, as presented schematically in Figure 2.1} The gain
mirror is composed of a high reflective (HR) mirror and a gain region, sometimes also
called the active region. Effectively, one of the laser mirrors is integrated with the gain
element and this entity is called the gain mirror. The HR mirror is commonly formed
of a stack of thin semiconductor layers constituting a distributed Bragg reflector (DBR),
also called a Bragg stack. This allows the reflector and the gain region to be grown on a
semiconductor substrate in a single epitaxial growth step. It should be noted, however,
that the gain region and the reflector can be fabricated separately, as shown in [4], where
a multi-layer semiconductor gain region was used with a metallic reflector. Dielectric
materials, such as Si0; and HfO,, may also be used to fabricate the DBR [18]. Dielectric

materials can provide high index contrast, but they usually exhibit low thermal conduc-
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Chapter 2. Semiconductor disk lasers

tivity, which limits their use in high power applications. Metallic reflectors are usually
avoided because of high losses. In certain cases a hybrid reflector combining a high
contrast dielectric-semiconductor DBR and a metallic mirror [28] can offer sufficient
reflectivity and heat transfer characteristics.

Several requirements should be met by the gain mirror. First of all, the materials
in place must be transparent to the signal, yet the pump radiation must be absorbed
efficiently. In contrast to edge-emitting diodes, laser action takes place in the direction
normal to the semiconductor surface, resulting in a short interaction length of light in
the gain medium. The typical thickness of the gain region is on the order of 1 um, which
is 2-3 orders of magnitude smaller than the interaction length in edge-emitting diode
lasers. Consequently, single-pass gain is low and laser operation requires high quality
gain material and careful control of cavity losses. In addition to the other requirements
the thermal resistance of the layer structure should be low. The DBR, gain region, and

thermal management are discussed in the following sections.

2.4.1 Distributed Bragg reflector

The distributed Bragg reflector is essentially a one-dimensional photonic bandgap struc-
ture, that reflects radiation at its forbidden bandgap or stopband. The design aims for
high reflectivity in a spectral range defined by the application. Figure[2.2]presents a typ-
ical DBR reflectivity spectrum with a limited stopband of high reflectivity and multiple
side peaks. The Bragg reflector is produced on a substrate of refractive index ng, by
stacking transparent thin-films of altering high ny and low ny, refractive index, with each

film having a quarter-wave optical thickness

d= g 2.1)

where Ap is the Bragg wavelength, i.e. the target wavelength of maximum reflectivity
and n(Ap) is the refractive index of the layer in question at the target wavelength.
Operation of the Bragg mirror is based on constructive interference of waves Fresnel-
reflected from the layer boundaries. Light reflected within the low-index layers will ex-
perience a 180° phase shift, while that reflected within the high-index layers will not suf-

fer any phase change on reflection. Consequently, the various components of the incident
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Figure 2.2: Calculated reflectivity spectrum of a distributed Bragg reflector consisting of 30-
pairs of GaAs/AlAs layers on GaAs substrate, designed for Ag = 1220 nm wavelength.

light produced by reflection at successive boundaries throughout the DBR assembly will
reappear at the front surface all in phase, so that they will recombine constructively [49].

Reflectivity of a Bragg stack at Ap is given [50] by

1 — (ns/n;)(ng /ng )N 2

14 (ns/ni)(ny /nL)zN) (2.2)
for a structure with an even number (2N) of layers and by

1-— (HH/I’li)(i’lH/nS)(nH/nL)ZN)2
1+ (ng /ni)(ng /ns) (ng /nL) N

for a structure with an odd number (2N + 1) of layers. In equations (2.2) and (2.3) N

is the number of layer pairs and #; is the refractive index of the surrounding medium,

Rox () = (

Roni+1(Ag) = ( (2.3)

typically air. In order to provide the highest reflectivity, the DBR should begin with the
layer of highest index contrast to the substrate and it should end with the layer of highest
index contrast to the surrounding medium. Therefore, the substrate, DBR materials and
the surrounding medium will determine whether the stack should consist of an even or

odd number of layers.
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Table 2.2: Selected Bragg stack materials and structures with their optical properties. The

substrate consists of the underlined material. [51-54]

DBR ny/ng An Number Ag R(Ap) Algyg
materials of layers (nm) (%) (nm)

GaAs/AlAs 3.49/2.99 0.50 60 1060 >99.9 99
GaSb/AlAsSb  3.89/3.22  0.67 36 2020 >99.8 203
InP/AlGalnAs 3.17/3.51 0.34 81 1550 >99.9 91
InP/InGaAsP  3.17/3.44 0.27 81 1550 >99.8 64
Au+Si/AlL,O3  3.48/1.60 1.89 1+6 1550 >99.9 1036

It is evident from equations and that the reflectivity increases with in-
creasing index contrast (An = ng —nr) and N. Reflectivity in excess of 99.9998% can
be obtained using a large number of high contrast layers and careful fabrication proce-
dures [55]. Ultimately, the DBR reflectivity is limited by the material absorbtion, scat-
tering and stacking adhesion. The stopband width depends only on the index contrast,

and is commonly given by

N _
AL < 478 arcsin (nH nL) i (2.4)
o ng+ng,

In SDLs the requirement of a low-loss cavity typically limits the usable bandwidth to
Alggg,, where the reflectivity R > 99%. The reflection spectrum can be calculated con-
veniently using transfer matrix formalism [56], implemented in a number of commercial
and free simulation softwares.

Ideally, the DBR should provide 100% reflectivity in a wide spectral range, yet it
should have low thermal impedance and be lattice-matched to the substrate material.
Table [2.2] presents an overview of common DBR materials and structures with their
optical properties at applicable operation wavelengths. As one can observe from the
table, GaAs and GaSb-based systems offer high index contrast DBR materials, namely
GaAs/AlAs and GaSb/AlAsSb. The development of InP-based disk lasers, on the other
hand, has been hindered by the lack of lattice matched high index contrast DBR ma-
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Figure 2.3: Energy band profile of an SDL gain mirror with 6 X2 quantum wells.

terials. Attempts to circumvent this problem have led to the use of non-semiconductor
based reflectors on InP and development of GaAs-based lasers operating at wavelengths

traditionally covered by InP. A detailed discussion of the issue is provided in chapter 4]

2.4.2 The gain region

A typical SDL gain region consists of a multiple quantum well (MQW) structure grown
epitaxially on the DBR, as illustrated schematically in Figure [2.3] The presented gain
structure includes six groups of two quantum wells surrounded by barrier layers and
intermediate spacer layers. The pump radiation, absorbed by the QWs, barriers and
spacers, generates free carriers that are trapped in the quantum wells, generating photons
by radiative recombination of electron-hole pairs. The gain mirror is completed with a
large bandgap window layer that prevents carrier migration to the sample surface and
consequent loss due to surface recombination. A thin (~5-20 nm) cap layer can be
grown on the window layer to protect it from oxidation, if this is anticipated.

The gain region forms a Fabry—Pérot micro-cavity between the DBR and the air
boundary with ~30% Fresnel-reflection. For gain enhancement, the quantum wells
are usually positioned at the antinodes of the standing field localized in the micro-
cavity [57]. Such design is commonly known as the resonant periodic gain (RPG). The
resonant effect increases the effective light-matter interaction length by re-circulating
signal in the micro-cavity. Therefore, the laser becomes more tolerant to cavity losses.

The resonant effect can be enhanced by growing a top DBR on the gain region with
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reflectivity of many tens of percent [58]. The resonant cavity provides gain enhance-
ment only in a limited spectral range near the resonant wavelength, where the dispersive
properties of the structure are also strongly modified. Consequently, tunable and mode-
locked SDL structures are often purposely designed to be anti-resonant, by adjusting the

window layer thickness and thus the free spectral range (FSR) of the cavity accordingly.

The intensity and spectrum of spontaneous emission are also affected by the resonant
effect, making it difficult to resolve the true photoluminescence (PL) of the quantum
wells from the cavity enhanced spontaneous emission, or "PL”, emitted vertically by the
gain mirror under illumination of pump light. This hinders the wafer characterization
for two reasons. Firstly, the quantum well quality can not be determined from the ”"PL”
intensity, neither can it be compared with other samples. Secondly, the spectral offset of

the cavity resonance and PL-maximum can not be determined from the "PL".

A number of techniques have been developed to address the problem: the PL can
be measured from the edge of the sample, in the direction parallel to the semiconductor
plane [59], it can be recorded from a PL sample grown prior to the SDL structure, or the
DBR can be removed from the SDL by reactive ion etching (RIE) to eliminate the cavity
effect. While the first-mentioned method requires a sophisticated measurement setup,
the last one involves an extensive amount of processing. Separate PL samples with
quantum wells identical to those of the SDL structure provide a quick and simple way to
estimate the PL properties. This approach was used extensively in this work. It should
be mentioned, however, that this method is sensitive to changes in growth parameters,
such as material fluxes, between successive growths and can, therefore, yield a certain

inaccuracy.

The number and distribution of the quantum wells is a matter of optimization for each
laser. We have obtained watt-level output using a gain structure with only 2 QWs, but
usually ~10-20 QWs produce the best balance between power, threshold and slope effi-
ciency. The quantum wells or quantum well groups can be equally spaced (at the antin-
ode positions) in the micro-cavity, but often the quantum well distribution is nonuniform
and follows the density of carriers determined by the nearly exponential decay of the
pump intensity in the structure. This feature is illustrated in Figure where the last

group of quantum wells is spaced an extra A/2-distance away from the previous QW
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group to compensate for the reduced carrier density. High bandgap carrier blocking lay-
ers may also be included in the gain region to separate independent gain sections from
each other [57,60] and to provide more uniform carrier distribution among different
quantum wells or well groups. Use of carrier blocking layers is particularly important in
the dual-wavelength SDLs as discussed in [SE].

The choice of barrier/spacer materials and structures also plays an important role
in the design of the gain region [61]. Thus, significant improvements can be achieved
with proper barrier/spacer optimization, particularly in devices with shallow quantum
wells [60]. The function of the barriers is to promote efficient transfer of carriers from
the spacers into the wells. The barriers and spacers are often also used as strain com-
pensators for lattice misfit of the quantum well and the host material [9, 62]. Although
all laser structures described in this thesis utilize multiple quantum wells, it should be
noted that the active region may also be formed of multiple layers of quantum dots [48],
or bulk material [5, 8].

2.4.3 Optical pumping

The optical pumping used in this work benefits from simple device processing and al-
lows for multi-watt output powers. It avoids the use of absorbing doped materials and
technological challenges characteristic of EP-VECSELSs. In the spacer pumped design
strong pump absorbtion is achieved without pump re-circulating optics and the absorb-
tion is practically independent of the number of quantum wells. Spectral requirements
for the pump are relaxed, although at the cost of typical ~15-35% loss due to the quan-

tum defect.

2.5 Thermal issues

Thermal roll-over and thermal lensing are the dominant factors that limit the perfor-
mance of an SDL. Heating of the gain structure originates from pump energy, which in
addition to photon emission, also creates phonon emission due to non-radiative recom-

bination and the quantum defect.
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A number of semiconductor parameters, such as the band gap, gain spectrum, carrier
confinement and distribution of electronic states depend on the temperature. Heating re-
duces the peak gain of an individual quantum well and causes a spectral shift. The rate of
non-radiative processes, such as Auger recombination and defect induced non-radiative
recombination, increases at elevated temperatures. The magnitude and significance of
different temperature dependent processes depend on a variety of factors, such as the
material composition, crystal quality and growth conditions [63, 64]. Importantly, these
mechanisms can give rise to a self-supporting (positive) feedback loop that forces the
laser output to “roll-over”, when a threshold of pump power is exceeded. In the par-
ticular case of vertical-cavity lasers, heating also affects the spectral detuning of the

micro-cavity resonance and the gain maximum.

Due to thermal expansion and a temperature dependent refractive index the physical
and optical length of the semiconductor micro-cavity changes as a function of tempera-
ture, causing a spectral shift to the Fabry—Pérot resonance. The magnitude of this shift is
~0.2 nm/K for GaAs at 1 um wavelength, while the gain spectrum of InGaAs quantum
wells shifts at a rate of about 0.4 nm/K. Obviously, a temperature change from the op-
timal point results in spectral walk-off and mismatch of the FP resonance and the peak
gain, thus reducing the overall gain. The FP resonance and the gain peak are commonly
pre-offset by design at room temperature and reach the matching point at the operation
temperature. Still, the optimal device design aims to minimize the temperature rise and

maintain optimal conditions over the whole range of available pump power.

Thermal lensing may not directly limit the output power of the laser, but it can signif-
icantly degrade the beam quality. Thermal lensing means formation of an effective lens
in a solid state medium under a temperature gradient. A thermal lens can be related to a
physical lens being formed by surface curvature under non-uniform thermal expansion.
More important to SDLs, the temperature gradient induces an index gradient and leads
to the formation of a GRIN lens in the material in question. Thermal lensing usually
disturbs the original cavity design, but can also be exploited, particularly in quasi-stable
micro-chip lasers with plane—plane cavity, where it is used to stabilize the cavity and
define the cavity mode [65].

In an SDL the thermal lens is formed in the gain mirror and in the intracavity heat
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spreader element, if such is implemented in the design. Thermal lensing gradually
changes the cavity geometry as a function of pump power. Usually the cavity is designed
to tolerate such disturbances without loss of stability, but the shape of the fundamental
laser mode can be modified, leading to mismatch of the laser mode and the pump spot.
This mismatch allows for the emergence of higher order transversal cavity modes that
utilize the untapped gain outside the fundamental mode area. Consequently the output
beam quality is reduced.

To avoid the detrimental thermal effects, the laser design must accept a large heat
load (intense pumping) without significant temperature rise. In simple terms, the com-
ponent should have high thermal admittance and it should operate with high wall-plug
efficiency. The conversion efficiency is largely determined by the quantum defect, semi-
conductor crystal quality and gain mirror/cavity design. Thermal admittance, on the
other hand, can be improved to a large extent by suitable heat sinking and processing
methods.

A number of theoretical and experimental studies [66—69] have been published on
thermal issues and heat flow in the gain mirror structures, where the heat generation oc-
curs in a point source under intense optical pumping. The diameter of the pump spot is
typically much larger (tens or hundreds of microns in diameter) than the thickness of the
gain mirror (a few microns), making the heat flow in the thin-film structure essentially
one dimensional, perpendicular to the semiconductor plane. The key point for effec-
tive heat dissipation is distribution of thermal energy in the lateral dimension, i.e. heat
spreading from the point source. An enlarged dissipation area allows for enhanced heat
extraction and reduces the thermal resistance of the component. The processing steps
and methods for obtaining reduced thermal resistance are discussed in the following

section.

2.6 Device processing

Two different techniques are widely used in SDLs to dissipate the heat load - the flip-
chip bonded thin-device approach introduced by M. Kuznetsov [9] and the intracavity

heat spreader approach [70]. The schematics of lasers based on these techniques are
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Figure 2.4: Left: Semiconductor disk laser utilizing a transparent intracavity heat spreader.
Right: Flip-chip bonded device with removed semiconductor substrate. Direction of the heat

flow is presented with the arrows.

presented in Figure [2.4] showing the path of heat transportation in each system. During
this work, we have studied both heat management techniques and developed suitable
processing procedures. However, only devices based on the intracavity heat spreader
approach are reported in the related publications of this thesis. In terms of power and
beam quality we have not observed large differences in the two approaches, at least not
for GaAs-based devices. The pros and cons of each approach become more apparent
and pronounced when one compares the cost, time of processing, spectral characteristics
and mode-locked operation. For InP-based lasers the intracavity heat spreader approach
could present clear advantages, because the DBR with high thermal resistance is ex-
cluded from the path of heat flow. To the author’s knowledge, at the time of writing, no
extensive comparative study has been published on the long term stability and perfor-

mance of these techniques.

2.6.1 Flip-chip bonded device

For flip-chip mounted device, first an etch stop layer is grown onto a semiconductor
substrate, followed by the gain section and finally by the DBR. After metallization and

mechanical thinning a chip is scribed off the wafer and soldered, DBR down, to a heat

18



2.6. Device processing

spreader of high thermal conductance, such as diamond, copper or their composite,
for instance. The remaining semiconductor substrate (~100 um) is removed from the
bonded chip by means of selective etching. The detailed structure of a flip-chip bonded
thin-device is evident from Figure [2.1] in which scanning electron microscope (SEM)

pictures of such a component are presented.

GalnP material is commonly used as an etch-stop on GaAs. It is not prone to oxida-
tion, works well as a window layer, and allows for removal of the GaAs substrate with
a high degree of selectivity using NH4OH:H;0O, (1:30) etchant. For improved surface
quality one may also use multiple etch-stop layers as described in [71]. After thin-device
processing the substrate with high thermal resistance is completely removed and does not
obstruct heat flow, nor is it located in the laser cavity, which results in increased optical
absorbtion. Effectively the epitaxial layers are transferred from their original substrate
onto a high thermal conductance host, for which reason the procedure is sometimes re-

ferred to the epitaxial lift-off (ELO) process.

High quality bonding is crucial to the success of the process. For low power and
short term applications one can use soft solders such as indium, which relieve mechan-
ical stress between the sample and the heat spreader and are easy to use. Temporally
and thermally more stable hard solders, such as AuSn, are usually used in demanding
applications. Unlike indium, AuSn can also resist HCl-based etchants used for removal
of InP substrates. Hard solders don’t alleviate stress and therefore the coefficient of
thermal expansion (CTE) must be rather similar for the sample and the heat spreader.
Commercially available diamond-copper composites are particularly well suited for this
purpose and they can be ordered with the solder pre-deposited on the surfaces. This is
a clear advantage since a few micrometers thick solder preforms are difficult to handle
manually. We have carried out the AuSn bonding process in a reflow-vacuum chamber,
where N, and forming gas can be used to prevent oxidation or actively remove oxides
from the sample and the solder. Use of vacuum at high temperatures, where the solder is
in molten form, removes air bubbles from the solder and, therefore, reduces the number

of voids.
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Figure 2.5: Schematic presentation of the mounted gain mirror and intracavity diamond heat

spreader.

2.6.2 Intracavity heat spreader approach

The other commonly used heat management technique exploits an intracavity heat sprea-
der and takes advantage of transparent materials with high thermal conductance, such as
diamond, SiC and sapphire. In terms of device processing, this approach is less de-
manding than flip-chip bonding and processing. The intracavity heat spreader approach
allows for direct heat extraction from the gain region and is well suited for structures
with a DBR of high thermal resistance. An intrinsic feature of this technology is that
the heat spreader adds a Fabry—Pérot etalon to the cavity and periodically modulates the
output spectrum, which is often not desired. On the other hand, a thin heat spreader with

large FSR can also force narrow band or single-longitudinal mode operation [34].

In this design the gain mirror is grown in the “normal” order; the DBR is grown on
the substrate first and is followed by the gain region. A small chip is then scribed off the
as-grown wafer and brought into physical contact with the heat spreader by the capillary
action of water, methanol or other suitable liquid or simply by pressing it mechanically.
We have used diamond heat spreaders, for their superior thermal conductance (~2000
W/m:-K). However, the cost of natural diamonds scales more or less exponentially with
their size, and for that reason we limited the size of our gain chips to 2.5 x 2.5 mm? and
the diamond size to 3 x 3 x 0.3 mm?. More cost-effective synthetic single-crystal dia-

monds used in this work were circular disks with 4 mm diameter and 0.5 mm thickness.

For efficient heat conduction the components were mounted between two copper

plates, as presented in Figure [2.5] A square shaped recessed area was machined to the
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Figure 2.6: Photograph showing the sample mounting.

bottom plate, where the gain mirror was fitted on a sheet of indium foil. The top plate
has a flat contact surface and a circular (& ~ 1.5 mm) aperture in it to allow free travel
of pump and signal radiation. The edges of the opening were machined at a 45° angle to
the surface normal to allow pumping at an angle. A wide machining angle also prevents
the screening effect if an antireflective (AR) coating is deposited at a later time onto the

diamond surface through the aperture.

A sheet of indium foil was contacted to the lower surface of the top plate, before it
was tightened by screws to the bottom plate. The mount was attached to a water cooled
copper heat sink on a mirror mount with 2-axis tilt, as shown in Figure 2.6] Heat from
the sample is first conducted through the heat spreader to the top plate, further on to the
bottom plate and finally to the heat sink. The design does not allow for large tolerances in
the depth of the recessed area; while too deep a recess prevents the contact between the

heat spreader and the top plate, too shallow a recess forces the heat spreader to protrude
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Table 2.3: Typical thicknesses of the gain chip, heat spreader, and indium foil.

dgainchi )4 dheatspreader indium foil drecess
380 um 310 um 50 ym 715 ym

from the bottom plate and breaks the thermal contact between the top and bottom plates.
The only tolerance available is the depth to which the bonded sample indents into the
indium foils. Therefore, the depth of the recessed area is a critical parameter to the func-
tioning of the device and is given by dyecess = dgainchip + Aheatspreader + 0.5 * dingiumfoit»
with typical values listed in Table [2.3] This arrangement allows for £10 um machining
tolerance for the recessed area, without detriment to the functioning of the component.
On average the total indentation of the sample into the indium is about 25 um, which
ensures firm mechanical contact between sample and the mount. Since the diamond and
the semiconductor wafer thicknesses can vary by tens of microns from batch to batch, it
is usually necessary to fabricate a specific mount for each and every component with a
fixed recessed area depth.

It should be noted that a flexible one-size-fits-all” mounting system can be arranged
by integrating the heat sink and the top plate and then pressing the component onto
the top plate with a clamp, as presented in [72]. Such a system allows rapid change
of test samples and supports any sample/diamond thickness without modifications to
the mount. This arrangement has clear advantages when fast feedback is required from
a large number of samples. On the down side, this approach does not preserve the
components in a fixed mount for use at a later time. Therefore, it is not usually cost

effective to deposit AR coatings on these components.

2.6.3 Capillary bonding

Capillary bonding is a method in which two flat and smooth surfaces are pulled into
close contact by liquid surface tension and bonded together by intermolecular surface

forces. The method does not require use of external force, thermal treatment or ad-
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hesives, which makes it extremely simple and user friendly. Capillary bonding has
been used successfully for attaching epitaxial lift-off layers onto arbitrary substrates,
as demonstrated in [73], where the method was referred to ”Van der Waals” bonding,
because of the presumed role of the interfacial forces. In 2000 Z. L. Liau published a
report on capillary bonding of semiconductor wafers [74] and later on the method was
adopted for the fabrication SDLs [70].

Unlike ELO layers, semiconductor wafers and diamond heat spreaders can not adapt
flexibly to surface undulations and therefore the requirements for surface flatness, smooth-
ness and cleanliness are stringent. “Epiready” semiconductor wafers are naturally suited
for the process as such, but large and numerous growth induced defects, rough scrib-
ing edges and any dirt or dust particles can prevent proper bonding. The nitrogen-free
type Ila natural diamonds used in this work had a surface roughness (Ra) below 15 nm
and a defined surface flatness of < 3 interference fringes in reflection at a wavelength of
632.8 nm. For single-crystal synthetic diamonds the same parameters were: roughness
< 5 nm (Ra) and flatness < 0.5 fringes. Prior to bonding, the sample and the diamond
were inspected with a prism microscope and thoroughly cleaned with pure (99.5%) ethyl
alcohol and re-checked with the microscope. If required, one may also consider ultra-
sound cleaning in acetone and methanol for enhanced removal of impurities. The gain
mirror was wetted with de-ionized water and the heat spreader was placed on top of it.
Light pressure was used to force out excess water and leave only a micrometers thin film
of liquid in between. As the water film slowly evaporates from the sides, the diamond
and the gain mirror are pulled into closer contact. The separation can be in-situ mon-
itored from thin-film interference fringes (Newton’s rings) representing areas of equal
thickness. Film thickness at various interference maxima (m) is d = (m+ %)%‘, where
(m=0,1,2,...) [75]. Therefore, the difference in film thickness for adjacent maxima is
A/2. Use of force is not required in the process, but subtle lateral displacement of the
diamond may promote quicker bonding. Contact is usually reached in a circular area
at the center within 5—15 minutes, after which the surrounding Newton’s rings start to
disappear at an accelerated rate as the bonding proceeds. The sample may be bonded
over the whole area or only partially, depending on the quality of the heat spreader and

the gain mirror. A significant mechanical force is required to disassemble a well-bonded
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[

(a) I-cavity (b) V-cavity (c) Z-cavity

Figure 2.7: Schematics of common SDL cavity configurations. The gain mirror is represented

by the black bar, while the white components represent passive mirrors.

component. Usually the edges of the sample become pulverized before the bonding
gives in under mechanical force. However, the heat spreader can be conveniently dis-
mounted from the sample by placing the component in water (or another suitable liquid).
Use of two high quality wafers for the bonding experiment can result in solid bonding
that does not break in water, but we have never observed this with diamond bonding. A
clear advantage of diamond heat spreaders is that they are not easily scratched and can

be re-used multiple times.

2.7 Resonator design

The geometry and properties of the laser resonator, or the cavity, are an important part
of the laser design. Firstly, the resonator should be stable, i.e. the beam must reproduce
itself after each round-trip in the cavity. To suppress any higher order transversal-modes,
the geometry should ensure that the size of the fundamental Gaussian mode closely
matches the pump spot size on the gain mirror. The pump spot and output coupling
should be designed in regard to available pump power and gain. Some common variants

of I-, V-, and Z-shaped resonators are presented in Figure
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Chapter 3

Diamond heat spreaders

3.1 Effect on laser performance

The choice of heat spreader material plays an important role, both in terms of device
performance and cost. Synthetic single-crystal diamonds are commercially available in
large sizes with excellent surface quality and can offer a significant cost reduction in
comparison to natural diamonds. Within this work we compared natural type Ila and
synthetic type IIla diamond heat spreaders using a simple V-cavity configuration and
1055 nm gain material.

The gain elements used in the comparative study were taken from the same epiwafer.
The layer structure, described in [P[I]], included a 30.5-pairs GaAs/AlAs DBR and 13
InGaAs QWs in a resonant periodic gain structure. The quantum wells were placed
non-uniformly in the microcavity in 3 groups of 3 QWs and 2 groups of 2 QWs located
at the antinodes of the standing wave. The QWs were positioned properly using GaAs
spacer layers and thin AlGaAs carrier blocking layers between each group. The test
samples included similar dual-layer TiO,—SiO, AR coatings on the diamonds. Sample
1 utilized a capillary bonded, type Ila natural diamond, with thickness d = 300 um.
Sample 2 included a heat spreader platelet with the same specifications as sample 1,
but it was mechanically clamped onto the gain mirror by the copper mount assembly,
without prior capillary bonding. Sample 3 had a 500-um thick capillary bonded single-
crystal synthetic type IIla diamond heat spreader.
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Figure 3.1: (a) Output power of the lasers with a 2% output coupler, given as a function of
incident 808-nm pump power. (b) Output characteristics of the sample with capillary bonded
type Illa diamond, using 1%, 2% and 4% output coupling (OC).

The samples were characterized in the same laser setup at a 15 °C mount temperature
and using a 2% output coupler. The geometry of the cavity was kept unchanged for each
sample. The light output characteristics, presented in Figure reveal surprisingly
similar output characteristics for all three samples. Sample 3, with the artificial diamond,
had a slightly higher threshold and smaller output power than the two other samples.
This tendency was also observed in later studies. The capillary bonding process was not
inherently superior to mechanical clamping in terms of device performance. However,
firm bonding indicates good surface quality and close contact of the sample and the heat
spreader platelet, thus promoting processing of uniform quality. For this reason capillary
bonding was used later in this work as the main processing technique.

Further studies of the laser properties were carried out with the capillary bonded
component. With a 4% transmissive output coupler we obtained 5.62 W of output power
at an incident pump power of 20 W (Figure [3.1(b)), corresponding to 28% optical-to-
optical conversion efficiency. It should be noted, however, that the beam quality fac-
tor M? reduces at the highest powers. When the laser was characterized with a 2%
output coupler, single-transversal-mode operation could be maintained throughout the

operation range, with M%y < 1.15 at maximum output power of 4 W. The laser spec-
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Figure 3.2: (a) Optical spectrum from a laser with 2% output coupler at 20 W of pump power.

(b) Several narrow band spectra selected discretely with a birefringent tunable filter.

trum, presented in Figure had a comb-like shape with multiple peaks spaced by
AL = 0.77 nm. The multi-peak spectrum originates from the Fabry—Pérot etalon that is
formed inside the laser cavity by the diamond heat spreader. The spacing of the emission
peaks correlates accurately with the free spectral range AAgsg = A?/(2nd) = 0.775 nm
of the diamond, assuming A = 1.055 um, d = 300 um and n = 2.394 [76]. The smooth
shape and regular spacing of the emission peaks often indicates single-transversal-mode
or nearly single-transversal-mode operation. By inserting a birefringent filter in the cav-
ity at the Brewster angle, we could select the emission peaks one by one over a range
of 11.6 nm, as illustrated in Figure [3.2(b)] The tuning was discrete, with the step set by
Algsr. The etalon effect could not be completely avoided with the 2-layer AR coating.
Antireflective coatings were applied throughout this work, since they increase the pump
transmission and often also improve the beam quality significantly.

In conclusion, we obtained 4 W of 1055 nm radiation near room temperature with
M? < 1.15 from the sample with capillary bonded natural diamond heat spreader, using
2% output coupling and 20 W of 808-nm pump power. The use of a synthetic diamond
heat spreader provided nearly equal laser performance and offered significant cost re-
duction in comparison to the natural diamond platelets. Simple mechanical clamping of

the heat spreader onto the sample resulted in equal or even improved laser performance

27



Chapter 3. Diamond heat spreaders

(a) Type Ila (b) Type lla (c) Type IlIa

Figure 3.3: Polarization micrographs of two type Ila natural diamonds (a) and (b), and a syn-
thetic type Illa diamond (c) used as heat spreading elements in disk lasers. All diamonds are
bonded to a gain mirror chip, placed in a copper mount and viewed through a @ ~ 1.5 mm aper-
ture in the mount. The changes in color result from variations in the magnitude and orientation of
birefringence of the material. Therefore, it is expected that the diamond shown in (a) has nearly
isotropic crystalline structure, while the sample shown in (b) exhibits birefringent properties with
uniform orientation and the sample shown in (c) has various areas with different orientation and

magnitude of birefringence.

in comparison to capillary bonding.

3.2 Birefringent properties

Although the use of synthetic and natural diamond heat spreaders resulted in very simi-
lar laser performance, there are still fundamental differences in their optical properties,
which affect their use in lasers with polarization selective elements, as reported by Van
Loon et al. [77]. The authors studied the birefringence of different natural and synthetic
diamond heat spreaders and its effect on the laser performance in the presence of an in-
tracavity Brewster plate. It was observed that the single-crystal synthetic diamonds have
areas with non-uniform orientation of material birefringence. The natural diamonds used
in the study presented either negligible birefringence or low birefringence with uniform
orientation. It was verified both theoretically and experimentally that the retardation pre-
sented by the birefringent diamond plate could result in a significant loss in the presence

of the Brewster plate. The loss could be avoided by proper angular orientation of the
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natural diamond in respect to the Brewster plate, i.e. by rotating the diamond in such a
way that the orientation of the birefringence coincided with the orientation of the laser’s
polarization defined by the Brewster plate. Due to the random nature of birefringence
orientation in synthetic diamonds, a similar loss reduction is difficult to achieve. It is
unlikely that synthetic diamonds are suitable for commercial disk lasers that use polar-
ization selective elements in the cavity. On the other hand, the cost of natural diamonds
prevents their use in low-cost lasers. Silicon carbides could provide a commercially and
technically feasible alternative to diamonds. Yet again, the flip-chip approach intrinsi-
cally avoids all problems related to the birefringence, etalon formation and expensive
heat spreaders.

The diamonds used in this work were inspected with a polarizing microscope (Figure
[3.3), and they indicated similar properties to the ones characterized by Van Loon et al.
All inspected natural diamonds presented nearly isotropic properties as shown in Figure
or birefringence with well determined orientation, Figure Synthetic dia-
monds, on the other hand, had areas where the magnitude and direction of birefringence
was different from the neighboring areas, Figure Based on these observations
and the results presented in [77], it was concluded that diamonds with isotropic crystal

lattice should always be used with lasers that include polarization selective elements.
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Chapter 4

Frequency-doubled GaInNAs disk laser

emitting in the red

This chapter concerns the generation of 615 nm red emission using a frequency-doubled
GalnNAs/GaAs-based disk laser operating near 1230 nm. Challenges related to genera-
tion of laser radiation at this wavelength, as well as the frequency-doubling scheme and

obtained results are discussed.

4.1 Introduction

The spectral window of interest to this work is located between 580 nm and 630 nm
and covers the colors amber-orange-red. Lasers in this spectral band are used in various
medical, scientific and display applications. Unfortunately, it is difficult to produce the
desired colors directly with conventional GalnP-AlGalnP/GaAs semiconductor lasers,
due to lack of direct bandgap barrier materials that would provide good confinement of
the photo-generated carriers in the quantum wells. Therefore, complicated dye-, ion-,
and gas-lasers [78], as well as OPO and DPSSL systems [79,80] have been used instead.
Frequency-doubled infrared disk lasers could replace existing laser systems in certain
applications and provide substantial cost reduction: a concept that works well at 488 nm.
The work presented in this chapter was mainly motivated by the need to produce high

power red emission for RGB applications.
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4.2 Accessing 1160-1260 nm spectral region

The targeted visible wavelengths can be produced by frequency-doubling infrared laser
radiation at 1160-1260 nm. This spectral range is difficult to achieve with traditional
InGaAs/GaAs technology due to significant lattice-mismatch and consequent build-up
of strain in the semiconductor crystal lattice. This problem is even more pronounced for
high power lasers such as the SDL.

One could resort to InP based gain materials at least in part, but it has been challeng-
ing to transfer InP technology from edge-emitting lasers to surface-emitters, mainly due
to the lack of good DBR materials. A number of lattice-matched DBR compounds have
been developed such as AlGalnAs/AllnAs [81,82], AlGalnAs/InP [83,84], GalnAsP/InP
[85,86], AlGaAsSb/AlAsSb [87,88] and AlGaAsSb/InP [89].

Unfortunately, the above mentioned DBRs suffer from either low index contrast, low
thermal conductivity, or high complexity of growth. High performance DBRs can be
processed on an InP gain region after epitaxial growth, by metallic dry bonding [28],
wafer fusing [90,91] or by sputtering/e-beam evaporation. However, the most desirable
way to fabricate surface-emitting laser structures is by monolithic growth of the DBR
and the active region. To circumvent the problems of InP-based DBRs, various alter-
native approaches have been introduced based on GaAs technology operating at longer

wavelengths than the typical InGaAs window near 1 um:

e GaAsP strain compensation and a small number of InGaAs QWs on GaAs [92],
VCSELSs demonstrated at 1.3 um [93].

e GaAsSb quantum wells on GaAs [94], VCSELs demonstrated at 1.3 uym [95].

e GalnNAs quantum wells on GaAs [96], VCSELs at 1.3 um, edge-emitters at
1.5 ym [97].

e InAs-InGaAs quantum dots on GaAs, numerous demonstrations with VCSELSs in
the 1.3 um telecom window [98,99].

e GalnNAsSb quantum wells on GaAs [100], VCSELs at 1.5 ym and beyond [101].

While these advances in material development were driven forward by the needs of op-

tical telecommunications at 1.3 ym and 1.5 um, they have also had a significant impact
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Figure 4.1: Dilute nitride gain structure including 6 X2 GalnNAs quantum wells of 7-nm thick-

ness.

on the development of semiconductor disk lasers; multi-watt SDLs based on strain-
compensated InGaAs QWs have been reported at 1160 nm [3] and 1170 nm [25], of
which the former was used for generating frequency-doubled yellow emission and the
latter could be tuned upto 1197 nm with ~25 mW power. Orange-red radiation from
a 1220-nm SDL was reported by Gerster et al. [78] using GaAsSb/GaAs gain mater-
ial and Hopkins et al. demonstrated 1.3 ym emission from a dilute nitride GalnNAs disk
laser. Here we used GaInNAs/GaAs gain material and an intracavity frequency-doubling

scheme to demonstrate high power 615 nm emission from a disk laser.

4.2.1 The gain structure

The GalnNAs gain mirror was grown on an n-type GaAs (100) substrate by molecular
beam epitaxy, equipped with an RF-plasma source for incorporating nitrogen into the
crystal lattice. First, a 30-pair GaAs/AlAs Bragg stack was grown on the substrate and
it was followed by a 12 GalnNAs QW resonant periodic gain structure, presented in
Figure @.1] The 7-nm thick quantum wells were paired in six groups and distributed
non-uniformly in the 5.5-A long cavity. Compressive strain of the QWs was alleviated
by tensile-strained GaAsN layers surrounding each QW. The active region was finished
with an Alg 37Gag ¢3As window layer and a thin GaAs cap. A detailed description of the

epitaxial growth of the sample is given in [102].
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Figure 4.2: (a) The output power of the 1230 nm disk laser given as a function of the incident

808-nm pump power. (b) Output spectrum at 20 W of pump power, T = 8 °C.

4.2.2 Laser performance at 1230 nm

Prior to the SHG experiment, the laser performance was studied at the fundamental fre-
quency using a V-shaped cavity and 1% output coupling [S4]]. The gain chip included
a 300-um thick intracavity diamond heat spreader with an AR coating. The gain mir-
ror was pumped with 20 W of 808-nm radiation, focused to a & ~ 180 um spot. The
light output characteristics, shown in Figure 4.2(a)l were recorded with a pyroelectric
power meter at mount temperature of 8 °C and reveal 1.46-W maximum continuous

wave power. At T = 35 °C we obtained about 1 W output.

Interestingly, it was observed that the threshold decreased when the mount tempera-
ture was increased. This phenomenon was interpreted as being due to a shift of the gain
spectrum towards the center of the DBR stopband. The rate of the temperature depen-
dent gain shift, measured from a PL sample, was about 0.44 nm/K, which corresponds
to the observed 12-nm shift of the laser spectrum with an increase in temperature from
8 to 35 °C. The laser spectrum at 1230 nm was measured using multi-mode optical fiber

coupling and an optical spectrum analyzer (Ando AQ-6315A). The laser spectrum is
presented in Figure 4.2(b)
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Figure 4.3: Left: Schematic illustraton of second-harmonic generation in \®) material. Right:
Energy level diagram presenting generation of the second-harmonic frequency 2m. The solid line

represents the atomic ground state, whereas the dashed lines represent so called virtual levels.

4.3 Second-harmonic generation

Nonlinear frequency conversion is a key technology which allows access to wavelengths
for which lasers are not available or for which they come in an impractical form. Co-
herent radiation in UV, visible and mid-infrared regions is commonly produced using
frequency-converted near-infrared lasers. Frequency-doubling, or second-harmonic gen-
eration (SHG), is a phenomenon where a wave with frequency ® generates a second-
harmonic wave at optical frequency 2 in suitable nonlinear material, as schematically

presented in Figure 4.3

4.3.1 Theoretical considerations

Formation of the second-harmonic wave can be understood by considering an electro-

magnetic wave, with electric field

E(t) = Ee ™ 4 E*e'™ (4.1)

travelling in an anisotropic optical crystal whose second-order susceptibility X(Z)is nonzero.

The polarization in the material in the presence of the field is then given by
P() =y VE@W) + 2P E* () + 2V E (o) + - 4.2)

Thus the second-order nonlinear polarization, P()(r) = 32 E2(t), created in the crystal

by the optical field is given by

p2 (1) = wPEE" + (x(z)Eze’iz“” +X(2)E*2ei2mr) . 4.3)
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The second term in equation 43| consists of a contribution at frequency 2 and can lead
to generation of radiation at the second-harmonic frequency [103]. Physically, the ori-
gin of second-harmonic generation can be understood as an electromagnetic wave with
frequency o beating with itself in a nonlinear medium, thus producing a polarization at
2m [104]. The efficiency of this process is critically dependent on the phase matching
condition, as will be shown in the following.

We define the total electric field in the second-harmonic crystal [103] by:

E(z,1) = E1(z,1) + E2(z,1) (4.4)

= E1(2)e ™ 4 Ey(2)0e " 4 c.c. 4.5)

= A (Z)e—i(m1t+k11) +A2(Z)e—i(w2t+kzz) +c.c., (4.6)

where

EjIE(O)j), j=1,2 (47)

0 =2m (4.8)

21c
(1) : 1/2
k=% = [8(1)((,31.)} " (4.10)

c

We can then formulate an expression for the amplitude change in the crystal [103]:

232

= 4.11
dz koc2 10 11
where d.¢r 18 the effective nonlinear coefficient, and the wavevector mismatch is
Ak =2k — k». (4.12)

Assuming undepleted pump (A = constant), we integrate equationd.IT|over the crystal
length L, (from z = 0 to z = L) and find that the intensity of the second-harmonic field is

expressed by
_ 128Wdgyl} 2

L= sinc?(AKL/2). (4.13)

n%nzk%c

Obviously the second-harmonic generation is most efficient when the phase mismatch
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Figure 4.4: Effect of phase mismatch factor on generation of second-harmonic signal.

factor sinc?(AkL/2) equals unity, i.e. when the phase-matching condition Ak = 0 is sat-
isfied. The efficiency of the process decreases rapidly when Ak = 0, as can be seen
from Figure The physical origin of this effect can be traced to the fact that if
the phase-matching condition is not met, the phases of the second-harmonic wavelets
generated throughout the crystal are different and interfere destructively [105], thus
preventing accumulation of the second-harmonic wave along the crystal. It is evident
from equations and that to satisfy the phase-matching condition we must in-
sist that n(2m;) = n(®;). Since most optical materials present normal dispersion, i.e.
n(2m;) > n(®;), the phase-matching is commonly achieved using quasi phase-matching
or birefringent phase-matching, where the birefringence of the crystal cancels out the
dispersion.

For a given direction of propagation in a birefringent crystal, there are two linearly
polarized plane waves that can propagate with different phase velocities, relating to two
different refractive indices, namely the ordinary refractive index n, and the extraordinary
refractive index n,. In a negative (n, < n,), uniaxial crystal such as BBO, the phase-

matching condition then becomes
1n.(20,8) = no(w), (4.14)
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Figure 4.5: Calculated ordinary (n,) and extraordinary (n,) refractive indices of BBO at propa-
gation angle 0 = 21° at T = 298 K. Phase-matching is achieved at the fundamental wavelength
A1 = 1220 nm [106].

where 0 is the propagation angle in regard to the crystal’s optical axis (z-axis). As-
suming sufficiently high birefringence, we may find a propagation angle where the or-
dinary refractive index of the fundamental wave equals the extraordinary refractive in-
dex of the second-harmonic wave, as illustrated in Figure 4.5] The concept of angular
phase-matching in a uniaxial birefringent crystal is further explained in Figure 4.6/ which
presents the ordinary and extraordinary refractive indices in regard to the crystal’s opti-
cal axis z and the wave propagation vector k. Clearly, n,(®) and n,(2®) are constants,
independent of 6, whereas n,(2, 0) can have values between its principle value 71, (20)
when 6 = 90°, and no(2w) when 6 = 0°. By turning the crystal to a proper angle we
can satisfy the phase-matching condition. From equation {.14] we can also derive the

expression [103]
1o (®) 72 —ny(20) 2
e (20) =2 — n,(20) 2’

from which the phase-matching angle can be conveniently calculated for a negative,

sin® @ = (4.15)

uniaxial crystal with sufficient birefringent properties. For bi-axial birefringent crys-

tals (such as LBO) we must also define a second propagation angle ¢ in an orthogonal
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Figure 4.6: Phase matching angle © for type I second-harmonic generation in a negative uniax-
ial crystal such as BBO. Adopted from [104].

plane. Since the phase-matching condition depends critically on the propagation an-
gle, this phase-matching scheme is also called critical phase-matching. A disadvantage
of critical phase-matching is that if 6 # 90° double refraction takes place in the crys-
tal and the direction of energy flow for the second-harmonic beam is slightly different
from 0 [104]. Consequently we observe a spatial walk-off of the second-harmonic beam
from the fundamental beam. Typically, spatial walk-off results in an elliptical shape of
the second-harmonic output beam, but in the extreme case it could also lead to loss of

spatial overlap of the two beams in a long crystal.

An alternative method to angular phase-matching is the so-called non-critical phase-
matching (also called 90° phase-matching), where the beams are propagated along a
crystal axis and the crystal temperature is adjusted in such a way that the phase veloc-
ities of the interacting beams are equal, i.e. n,(20,90°) = n,(®), for example. Non-
critical phase-matching avoids spatial walk-off, but not all crystal materials or coatings
can tolerate high temperatures or large thermal gradients. Therefore, heating of the crys-
tal to the phase-matching temperature can be a very slow process. The phase-matching

temperature may also be so far from room temperature as to be impractical.

Second-harmonic generation (critical or non-critical) uses either type I or type 1I

scheme. Type I second-harmonic generation means that two beams with parallel di-
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Table 4.1: Nonlinear optical coefficients of selected optical crystal. Adopted from [104], LBO
after [107].

Nonlinear Transparency = Damage
d coefficient range threshold
Material Formula relative to KDP (um) (GW/cm?)
KDP KH;POy  dig=dia=1 0.22-1.5 0.2
KTP KTiOPO4 d31 =13 0.22-1.5 1
dsy =10
d3z =274
drg =15.2
dis=12.2
BBO B-BaB;04 dyp =4.1 0.19-3 5
LBO LiB3Os d31 =24 0.16-2.6 18.9
dyp =2.2
Lithium niobate  LiNbO3  d3; =12.5 0.22-1.5 0.05
dry = 6.35

rections of polarization produce a second-harmonic wave with orthogonal direction of
polarization. Thus, we can denote oy + 0 — €2 and e + e — 02¢. Type Il second-
harmonic generation means that beams with orthogonal directions of polarization pro-

duce the second-harmonic beam, i.e. 0y + €@ — €3¢ OF 0g + € — 020-

The application and desired parameters (wavelength, nonlinear coefficient, damage
threshold, walk-off, angular acceptance, hygroscopicity, etc.) determine the choice of
crystal material. Some of the most common crystals are listed in Table The desired
properties may be very different for intra- and extracavity wavelength conversion. In
the intracavity scheme the wavelength conversion takes place within a high-Q cavity,
thus the light makes multiple passes through the crystal. In the extracavity conversion
scheme the photons are passed through the crystal only once, which is why long crystals

with high nonlinear coefficients are favored, as well as ultra-short pulses with high peak
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Figure 4.7: Photograph of a typical Z-cavity used for SHG. Inset: schematics of the laser used
for 615 nm second-harmonic generation. The green line represents 1230 nm radiation in the
cavity and the red line represents 615 nm emission. RoC = Radius of curvature, D = distance

between adjacent mirrors, BBO = B-barium borate crystal.

power. In general, the intense optical field provided by laser sources enables highly
efficient second-harmonic generation. Typically, the efficiency is on the order of some

tens of percent, but may approach 100%.

4.3.2 Experimental

For the SHG experiment, the laser cavity was formed by the semiconductor gain mirror
and three curved high reflective mirrors M1, M2, and M3, arranged in a Z-type con-

figuration (Figure [4.7). M1 acts as a collimator, while M2 and M3 produce a focused
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4.3. Second-harmonic generation

beam waist with diameter 2wy ~ 190 um, and a Rayleigh range of zz ~ 23 mm along the
frequency-conversion crystal. The mirrors had a high reflectivity of R > 99.8% for the
fundamental wavelength and a high transmission of 7 > 90% for the second-harmonic
radiation. We used a 4-mm long, AR-coated, type-I, critically phase-matched, B-barium
borate (BBO) crystal (6 = 21°, @ = 90°) for nonlinear wavelength conversion to the
red. The operation wavelength of the laser was controlled with a 25-um thick uncoated
Fabry—Pérot glass etalon placed in the cavity between mirrors M1 and M2. All measure-

ments were performed at 7 = 15 °C.
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Figure 4.8: (a) Free running laser spectrum without glass etalon or BBO crystal. (b) Tuning

spectra of the frequency-doubled emission and corresponding output power at Pyyyp = 17 W.

4.3.3 Results and discussion

Without the nonlinear crystal and the glass etalon, we observed a free running laser
emission with multiple peaks around 1230 nm, as illustrated in Figure Single
narrow band emission peaks could be selected with the glass etalon. With the crystal
and the etalon in place, strong red emission was observed from the laser. By tilting
the etalon, the fundamental wavelength could be adjusted within a 9-nm spectral range,
with discrete steps of about 1 nm, corresponding to the free spectral range of the diamond

etalon. Consequently, a 4.5-nm tuning range from 612.5 nm to 617 nm was achieved for
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Chapter 4. Frequency-doubled GalnNAs disk laser emitting in the red

400 T T T T 1.2
o 1229 nm
= 614.5nm QQ o 101 o ...u.. E
—~ 300+ 08 1 g " -
= Joo" 2 0.8 . - ]
é o [ ] o .. [ |
= 200 L0 T 0.6 . 1
qg) o . g .. n
DC_) OO .. © 0.4 - ] 4
1004 o n g ] u
o = O 0.2 = " 1
o _m z u -
0 mﬂogn'. 0.0 .'q_-'
6 9 12 15 18 21 80 120 160 200 240 280 320
Pump (W) Polarizer angle (°)

(a) (b)

Figure 4.9: (a) Power at the fundamental and second-harmonic frequency (combined from out-
puts M2 and M3) given as a function of the incident pump power. (b) Normalized output power

transmitted through a polarizer, given as a function of the polarizer angle.

the red emission, as shown in Figure 4.8(b)]

The fundamental and frequency-converted output beams were separated using low-
loss prisms to perform independent power measurements. A maximum combined output
power of 320 mW was observed at 614.5 nm with 18.2 W of pump power. The output
powers from the single ports were 148 mW from M2 and 172 mW from M3. Light
output characteristics for the red and residual IR emission are shown in Figure
The large amount (330 mW) of residual IR emission is likely a result of the large angle
of the folding mirrors, that reduces their reflectivity. We did not observe saturation of
the IR emission due to second-harmonic generation, but the output power at both visible
and IR wavelengths was limited by the thermal roll-over. Based on the results presented
in section f.2.2] we estimated that the conversion efficiency from the IR to the visible
was slightly over 20%. The total optical-to-optical conversion efficiency from 808 nm
to 615 nm was about 1.7%, and the wall-plug efficiency about 1%. Polarization of the
emission was measured using a polarizer and a power meter. Figure 4.9(b)| presents the
power transmitted through the polarizer as a function of the polarizer angle and confirms
the linear state of polarization.

To summarize, we generated 320 mW of frequency-doubled 615 nm emission (Fig-
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4.3. Second-harmonic generation

Figure 4.10: Photograph of the frequency-doubled GalnNAs laser in operation. Courtesy of

Lasse Orsila.

ure [4.10) using an optically-pumped GaInNAs/GaAs-based disk laser that was capable
of producing 1.46 W of power at the fundamental wavelength of 1230 nm. Although far
from being optimized, the semiconductor gain structure used in this study still allowed
for the best results at the time of publishing. By optimization of the laser cavity, HR
mirrors, pumping, cooling, and overlap of the Fabry—Pérot resonance and the gain peak,
the efficiency of the laser and second-harmonic generation was improved significantly at

a later time by J. Rautiainen et al. [S5]].

43



Chapter 5

GaSb disk laser emitting at 2025 nm

Gallium antimonide lasers form an important group of semiconductor lasers that operate
at 2-5 um wavelengths. The GaSb material system allows for the growth of high index
contrast DBRs, which makes it highly interesting for vertical laser structures. In this

chapter I describe the results obtained from a GaSb disk laser emitting at 2-um.

5.1 Introduction

Significant research efforts have been directed to development of optoelectronic compo-
nents based on gallium antimonides. The absorbtion lines of many important industrial
gases and water vapor fall within the emission range of GaSb lasers [108, 109]. There-
fore, optical spectroscopy and trace gas analysis are applications where GaSb lasers and
detectors are expected to find a market. Other potential applications of these lasers in-
clude soft tissue laser surgery, remote sensing, LIDAR, infrared countermeasures, target
illumination, optical pumping (Ho:YAG), etc.

Broad area edge-emitting GaSb lasers have been demonstrated with 1.7 W output
power [110] and today high power single- and multi-emitters are commercially available
at 2 um. Tapered GaSb diode lasers have also been reported with high output power [111,
112]. Spectroscopic applications usually require a single-mode source with narrow band,
preferably tunable, emission which has promoted the development of GaSb-based DFB
lasers [113,114], coupled cavity lasers [115] and VCSELSs [116,117] operating at various
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5.2. Disk laser design and characterization
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Figure 5.1: (a) SEM micrographs showing the 2-um gain structure. (b) Reflectivity spectrum of

the gain mirror. Courtesy of Karl Rofsner.

infrared wavelengths. Despite the fast development of edge-emitters and VCSEL, there
existed only few reports on GaSb-based disk lasers [30,31, 118] at the time when this
research was started. The work presented here aimed to improve the previous results in

terms of power and wavelength tuning.

5.2 Disk laser design and characterization

The MBE grown gain mirror was fabricated by the Technische Physik group of Uni-
versitidt Wiirzburg, Germany. The design included an 18-pairs GaSb/AlAsSb DBR and
a gain region with 5 groups of 3 Gag 73Ing22Sb quantum wells with 8-nm thickness,
placed in a 3\-cavity [P3]l. The layer structure is illustrated in detail in the micrographs
of Figure Owing to the high index contrast between the constituent DBR lay-
ers, the stopband spans over a broad wavelength range, as one can observe from Figure
[5.1(b)| showing the reflectivity spectrum of the gain mirror.

The gain mirror was processed in a similar manner as the GalnNAs laser described in
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Figure 5.2: (a) Laser spectrum. (b) Light output characteristics at different mount temperatures,
0C = 2%.

the previous chapter and was used with a 300-um thick type Ila diamond heatspreader.
The V-shaped laser cavity included a 2% transmissive plane output coupler. The gain
mirror was pumped with a 790-nm diode laser at an angle of 35° to the surface nor-
mal. The pump beam was focused to a spot of about @ = 180 um on the gain mirror.
Free-running laser emission was observed at a wavelength near 2025 nm, Figure
The output characteristics were measured as a function of the mount temperature and
the results obtained are presented in Figure [5.2(b)] The measurements show strong de-
pendence of the roll-over point and efficiency on the mount temperature. With moderate
cooling of the mount temperature to 5 °C, we achieved a maximum output power of 1 W,
and 700 mW at 7 = 15 °C. The output beam profile, measured with a 5-um pinhole and
photodetector and found to be Gaussian. The corresponding beam quality factor M2,

determined using the knife-edge technique, was less than 1.45.

5.2.1 Wavelength tuning

The broad DBR stopband and wide gain bandwidth of the semiconductor gain mate-
rial suggested a potentially wide tuning range near 2 ym. The tunability was studied

by inserting an uncoated single-element birefringent filter inside the laser resonator at
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Figure 5.3: Tuning spectra selected with a birefringent filter. The laser could be tuned from
1932 nm to 2030 nm with steps of 2.8 nm, by rotating the filter. The black dots represent the

corresponding output power.

the Brewster angle. By turning the filter, the operation wavelength could be tuned dis-
cretely with 2.8 nm steps. The tuning spectra at 7 = 15 °C, presented in Figure
show that lasing was obtained in the range of 1932-2030 nm, with output power vary-
ing from 3 mW to 213 mW. The observed Brewster loss was significant, over 100 mW
at maximum power. Based on the previous results, it was expected that the filter also
introduced a significant amount of other losses. To avoid any such losses, we assembled
a self-seeded laser, where spectrally selective feedback was provided to the cavity by an

external diffraction grating, as presented schematically in Figure [5.4]

Without optical feedback from the grating, the free-running wavelength was ob-

Gain mirror

Heat spreader

Pump
Copper mount

D,g~ 50 mm

Output

M2

R=99% D,,=272 mm R =99%
RoC, =150 mm

Figure 5.4: Self-seeded laser configuration with an external diffraction grating.
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Figure 5.5: (a) Normalized tuning spectra obtained from the self-seeded laser. (b) Output char-
acteristics with and without the diffraction grating. (T = 15 °C).

served around 2010 nm. The total output power, taken into account at all three outputs
of mirrors M1 and M2, reached a maximum value of 640 mW. In the self-seeded regime,
the power was collected from both outputs of mirror M2. By tilting the grating, we
achieved tuning from 1987 to 2022 nm, as shown in Figure The attempts to tune
the wavelength beyond this range resulted in appearance of a free-running oscillation
preventing further control of the spectrum by the seed signal. The light output charac-
teristics with and without the seed signal, shown in Figure[5.5(b)] reveal that self-seeded
operation results in only a minor reduction in power. For the pump power of 15.8 W, the

total power from the laser exceeded 500 mW across the tuning range [P{]).

5.3 Conclusion

The results obtained from the GaSb disk laser demonstrate watt-level output power with
good beam quality near room temperature. A tuning range of about 100 nm was achieved
with an intracavity birefringent filter, although with reduced power. Use of a self-seeded

tuning scheme allowed >0.5 W output in a 35-nm tuning range.
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Chapter 6

Dual-wavelength disk laser for

sum-frequency generation

This chapter deals with the generation of frequency-mixed radiation in a disk laser that
operates simultaneously at two different wavelengths with large spectral separation. Al-
though frequency-mixing in various lasers has been common for years, the concept of a
frequency-mixed dual-wavelength SDL is new and allows for the control of the opera-
tion wavelengths by bandgap engineering. The laser concept, experimental and results

are discussed.

6.1 Introduction

Dual-wavelength (and multi-wavelength) laser emission is desired for applications in-
cluding WDM optical telecommunications, sum-frequency generation (SFG) [119], two-
wavelength interferometry [120], and difference-frequency generation (DFG) [121]. The
last mentioned application is particularly interesting, since it allows generation of mid-
infrared (MIR) emission from near-infrared laser radiation. Coherent MIR emission
can be obtained from optical parametric oscillators, quantum cascade lasers [122] or
by mixing two laser beams for DFG [121]. The advantages of OPOs are high power
and a superior tunability, but the systems are complex and expensive. Quantum cascade

lasers, on the other hand, can be very compact, but their continuous wave power is lim-
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Chapter 6. Dual-wavelength disk laser for sum-frequency generation

ited at room temperature. The DFG systems incorporating ultrashort pulse lasers share
the drawbacks of OPOs.

A compact, low-cost MIR source with reasonable output power at room temperature
would be highly beneficial to many applications. Here we studied the semiconductor
disk laser for generating intracavity frequency-converted radiation. Instead of DFG, the
study was carried out using the SFG scheme for simplified measurements. However, the
laser concept and requirements for the quality of the input beams are very similar for
both SFG and DFG.

6.2 Multiple wavelength lasers

The key element to the experiment is a laser emitting simultaneously at two different
wavelengths with significant spectral separation and comparable power. To date, several
approaches have been employed to demonstrate dual-wavelength and multiple wave-
length lasers based on fiber [123-125], solid state [126, 127] and semiconductor gain
material. In semiconductors, these approaches used either an arrayed grating cavity de-
sign with physically separated gain media [128, 129], single broad band gain medium
with an external grating and slit system [130, 131] or a coupled micro-cavity struc-
ture [132]. Within this work we utilized a semiconductor disk laser with monolithic
dual-wavelength gain element and a common-cavity design that allows for large a spec-

tral separation and offers the intriguing possibility for intracavity frequency-mixing.

6.2.1 Dual-wavelength disk laser

To ensure proper functioning of the dual-wavelength disk laser, the gain mirror was
specially designed to provide independent pumping of the non-identical quantum wells
and to minimize the cross-talk between the two signals. The gain mirror comprised
a typical 29.5-pair AlAs/GaAs DBR, an 8 InGaAs QW gain region and an AlGaAs
window layer. The gain region was divided into three subsections I-III, separated by
wide bandgap AlAs carrier blocking layers, as illustrated in Figure [6.1] The purpose of
this arrangement was to confine the photo-generated carriers within the AIAs boundaries

and thus provide independent pumping of the QWs in each gain section. Sections I and
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Figure 6.1: Dual-wavelength laser gain structure.

III contained two QWs, made of Ing 17Gagg3As (QWy), designed for emission at Ag.
Section II included four QWs of Ing23Gag77As (QWy), with emission at wavelength
Ar>As. The QWys were placed near the nodes of Ag cavity mode to minimize their
optical absorbtion at Ags [S8]l. The layer design and growth related issues of the dual-

wavelength disk laser are described in detail in reference [72].

6.2.2 Laser performance

The dual-wavelength gain sample included a 300-um thick capillary bonded diamond
heat spreader with a TiO,—Si10, AR coating. The sample was characterized in a typical
V-shaped laser cavity using an 808-nm pump laser and a 1% transmissive output coupler.
The measurements were carried out at 15 °C mount temperature. The output spectrum,
presented in Figure shows lasing at wavelengths of 984 nm and 1042 nm, thus
yielding a spectral separation of 58 nm. The power characteristics at each wavelength
were measured using a dual-head power meter and a dichroic beam splitter that enabled
spatial separation of the co-axial beams. We obtained over 0.5 W of output at both wave-
lengths at about 9 W of pump power, as shown in Figure For temporal measure-
ments the signals were coupled into two equally long optical multi-mode fibers and ana-
lyzed using 1-GHz photodiodes and a 400-MHz dual-channel oscilloscope. We observed
an output with a continuous wave component superimposed with chaotic self-pulsation.
The quasi-sinusoidal pulsed components for the two signal were always observed to

be in phase. An example of typical temporal output profiles is shown in Figure [6.3]
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Figure 6.2: (a) Dual-wavelength output spectrum showing laser emission near 984 nm and 1042

nm. (b) Output characteristics at 984 nm and 1042 nm, given as a function of incident 808 nm

pump power (T = 15°C, OC = 1%).

It should be noted, however, that the figure does
not reveal the full essence of the self pulsation,
as various pulse components with periods vary-
ing from ns to tens of ns could be observed by
changing the trigger level. The self-pulsation
could be suppressed to a certain extent by lim-
iting the output at each wavelength to slightly
over 100 mW. The pulse components were ex-
pected to rise from residual absorbtion of Ag in
the QWys, which are not located exactly at the
nodes of the Ag’s standing wave pattern. In the

presence of residual absorbtion of Ag, the pump-

ing of Az at high power tends to follow the in-
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Figure 6.3: An example of temporal pro-

files of the output signals.

tensity variation of Ag, possibly giving rise to in-phase oscillation of A;, [S9]]. However,

this feature was not expected to disturb the process of frequency-conversion, due to

a substantial cw component and the pulsed components having the same phase. The

beam quality factor was measured with a scanning slit device and yielded a value of
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Figure 6.4: (a) Schematics of the Z-type laser cavity used for sum-frequency generation. (b)
Photograph of the SFG output from M3.

M%y = 1.04 for the output containing both co-axial beams.

6.3 Sum-frequency generation

Sum-frequency and difference-frequency generation are nonlinear conversion processes
that involve two input waves at frequencies ®; and @, interacting in a ¥ material to
produce radiation at frequency ®3 = ®; + @, (SFG), or w3 = ®; — @, (DFG). Thus
second-harmonic generation is a degenerate case of sum-frequency generation. The
wave vector mismatch for SFG is defined by Ak = k; + k> — k3 and leads to a phase-
matching condition k3 = ky + k3.

6.3.1 Experimental

The laser cavity used for the sum-frequency generation is shown in Figure The
curved mirrors M1-M3 had reflectivity R > 99.8% at the fundamental wavelengths, and
transmission 7" > 90% for the sum-frequency emission. A 8-mm long, type-I, non-
critically phase-matched lithium triborate (LBO) crystal (6 = 90°,¢ = 0°) was used for

the sum-frequency generation. The crystal was placed in a thermo-controlled oven and

53



Chapter 6. Dual-wavelength disk laser for sum-frequency generation

—~ | ‘ SFG‘ ‘ ‘ ‘ 104;3nm —~ | ‘ ‘ : ‘ |
= ~ >
Q B 986 nm 4 Q q 4
% : - SHG ] g
ES : =
2 ] ol
£ £
A ‘Mh { 1A A lulle' M| |
400 500 600 700 800 900 10001100 480 490 500 510 520 530
Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 6.5: (a) Output spectrum showing the laser emission and frequency-converted emission.
(b) Spectrum of frequency-converted emission. Inset: photograph of the visible emission where

different wavelengths are spatially separated with a diffraction grating.

its temperature was kept at 212.5 °C for optimized phase-matching. The beam waist
diameter 2wg(As) =~ 2wp(Ar) at the crystal was calculated to be about 200 ym with a
Rayleigh range of zg = 34 mm.

6.3.2 Results and discussion

Proper alignment of the laser cavity enabled low-threshold operation in the TEMgp mode
for both IR wavelengths and resulted in strong aquamarine sum-frequency emission (Fig-
ure [6.4(b)), observed from mirrors M2 and M3. The optical spectrum, shown in Figure
reveals 3 visible and 3 infrared emission lines. Fundamental laser emission was
observed near 986 nm and 1043 nm and the aquamarine SFG near 507 nm. Low intensity
lines corresponding to poorly phase-matched second-harmonic generation are present at
493 nm and 521 nm, as shown in closer detail in Figure [6.5(b)] An emission line at
1014 nm was also observed, although it was not present in the absence of the nonlinear
crystal. The existence of this line was attributed to degenerate optical parametric ampli-
fication in the crystal that is located in a cavity with high Q-factor, and pumped by the

sum-frequency emission.
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Figure 6.6: (a) Power of the sum-frequency emission and residual IR emission as a function of
incident pump power from 808-nm diode laser. The curves present combined power from output

ports M1, M2 and M3. (b) Temporal profile of the 507 nm sum-frequency output.

The visible and IR beams were spatially separated with dichroic filters. Output char-
acteristics of the IR and sum-frequency emission, presented in Figure show that
we obtained a total of 130 mW of continuous-wave sum-frequency emission at 9.2 W
of pump power, yielding a total optical-to-optical conversion efficiency of about 1.4%.
Based on the data shown in Figure [6.2(b)l we estimated the conversion efficiency from
IR to SFG to be on the order of 10%.

An Al-coated diffraction grating was used to resolve the visible colors spatially and
allow the measurement of power at each wavelength separately. The power ratio was
found to be 3:1000:1 for 493 nm, 507 nm, and 521 nm, respectively. Thus, the second-
harmonic generation was negligible in comparison to the sum-frequency generation. The
measurements of the IR laser beams yielded a power ratio of 0.35:1 for 986 nm and
1043 nm, respectively. The temporal profile of the sum-frequency emission was studied
in a similar manner as for the dual-wavelength laser, discussed earlier. Chaotic self-
pulsation behavior was not observed, but rather a continuous wave output with a stable
AC-component superimposed, as presented in Figure [6.6(b)|

The obtained results show that the two laser beams, overlapping in space, also over-

lap in the time domain to the extent that is required for efficient frequency-mixing. A
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total of 130 mW of sum-frequency emission was achieved at 15 °C mount tempera-
ture. With a more optimized gain structure the power and spectral separation of the
dual-wavelength laser can be further increased, as demonstrated in [133]. In compari-
son to designs deploying two pulsed lasers [121], or a laser with dual-gain elements in
a single cavity [79], the proposed architecture with a monolithic gain element is signif-
icantly simpler and can be realized in a compact linear cavity suitable for commercial
applications.

Based on the results presented here, it is reasonable to assume that the dual-wavelength
disk laser concept could be further developed for intracavity difference-frequency gen-
eration to achieve coherent MIR emission. This would be a significant step towards cre-
ating a compact semiconductor based MIR source operating at room temperature with

significant continuous wave output power.

56



Chapter 7
Conclusion

This thesis deals with processing and characterization of semiconductor disk lasers using
InGaAs/GaAs, GalnNAs/GaAs and GalnSb/GaSb gain materials. The highlights of the
thesis can be summarized by three main results.

The frequency-doubled GalnNaAs disk laser was used for generating high power
615 nm red emission, which is difficult to produce directly from the semiconductor ma-
terial. The bandgap of the gain material can be easily tailored to generate amber-orange
radiation by frequency-conversion. The proposed lasers could find use in RGB genera-
tion, medical and measurement related applications.

Within this work the output power of GaSb disk lasers was scaled to 1 W at a wave-
length of 2 um wavelength, showing the strong potential of this material system. Owing
to the broad DBR stopband and gain bandwidth, the laser could be tuned over a span of
about 100 nm with a birefringent filter. Low loss tuning in the 35 nm range was achieved
using a self-seeded laser scheme.

In the last part of the thesis, the use of a dual-wavelength disk laser for generating
frequency-mixed radiation was proposed and demonstrated. This novel laser concept
used a nonlinear crystal for intracavity sum-frequency generation. The results obtained
verified the spatial and temporal overlap of the ”two lasers” sharing a common cavity.
This type of laser architecture could be used for difference-frequency generation of mid-

infrared emission in the future.
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