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Abstract

Optically pumped semiconductor disk lasers (SDLs) provide a unique combination of
high output power, high beam quality and possible emission wavelengths spanning from
the ultraviolet to the mid-infrared spectral range. In essence, SDLs combine the wave-
length versatility of semiconductor gain media with the power scaling principles of op-
tically pumped solid state disk lasers. The emission wavelength of SDLs can be tailored
to match the desired application simply by altering the composition of the gain material.
High power operation, however, requires efficient thermal management, which can be

realized using thin structures that are integrated with industrial diamond heat spreaders.

The main objective of this thesis was to develop methods for increasing the output
power of optically pumped SDLs, especially in challenging wavelength regions. The
work included integrating SDL gain elements onto diamond heat spreaders using thin
intermediate gold layers. This configuration enabled 45-50 % higher output powers than
conventional bonding with indium solder. In addition, the reflectivity of the SDL gain
mirror was enhanced using a semiconductor-dielectric-metal compound mirror. This
procedure enabled 30 % thinner mirror structures when compared with the conventional
design, where the reflectivity of the semiconductor mirror is enhanced with a metal layer.
Finally, thin GaAs-based semiconductor mirrors were integrated with InP-based active
regions. Such integration is necessary for high power operation in the spectral range
1.3-1.6 um, because InP-based compounds for a highly reflective thin mirror section are
not available. The configuration enabled record-high output powers of 6.6 W and 4.6 W
at the wavelengths of 1.3 yum and 1.58 um, respectively.

The second objective of this thesis was to generate high output powers in single-

frequency operation and via intracavity frequency-doubling. In single-frequency opera-



tion, record-high output powers of 4.6 W and 1 W were demonstrated at the wavelengths
of 1.05 um and 1.56 um, respectively. Such light sources are required for numerous ap-
plications including free-space communications and high resolution spectroscopy. In
addition, second-harmonic generation was demonstrated with SDLs emitting at 1.3 ym
and 1.57 ym. The output powers reached 3 W at 650 nm and 1 W at 785 nm, which
represent record-high output powers from SDLs in this wavelength range. These types

of lasers could be especially useful in biophotonics and medical applications.
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Chapter 1

Introduction

1.1 Background

Electrically pumped semiconductor lasers have become the most common type of laser,
because they offer a unique combination of low power consumption, small size, mass-
scale fabrication and possible emission wavelengths spanning from the ultraviolet to
the terahertz range. These lasers are found in many common devices such as DVD
players, laser printers and barcode scanners, but also in fields such as medicine and
optical communications. However, the beam quality of these lasers degrades at high
power levels, which is a drawback in applications that require long propagation distances
with minimal beam divergence or focusing of a high power beam onto a small spot.
Therefore, high power semiconductor lasers are often used in applications that have
relaxed requirements for the beam quality, such as welding and optical pumping of solid
state lasers.

On the other hand, a combination of high power and good beam quality is required in
several applications that include remote sensing, metrology, medicine and laser displays.
These requirements can be met by solid state lasers and gas lasers. However, specific
additional requirements for the operation wavelength are problematic for these lasers,
because their operation wavelengths are limited to the discrete emission lines of the
available active materials.

The work presented in this thesis focuses on a particular type of semiconductor laser
called the semiconductor disk laser (SDL). These lasers are also known as vertical-

external-cavity surface-emitting lasers (VECSELSs), or simply optically pumped semi-

1



Chapter 1. Introduction

conductor lasers (OPSLs) [1]. SDLs combine the power scaling principles originally
developed for solid state lasers [2] with the wavelength versatility of semiconductor
lasers [3]. Consequently, SDLs are capable of providing a unique combination of multi-
watt output powers, high beam quality, and emission at the desired wavelength. SDLs
are also very suitable for single-frequency operation and nonlinear frequency conver-
sion when compared with solid state lasers, gas lasers or other types of semiconductor
lasers [4-9]. These features have enabled SDLs to find use in several fields such as
metrology, medicine, life sciences, the movie industry and optical pumping of certain
solid state materials [10-13].

1.2 The scope of the thesis

The main objective of this thesis was to develop methods for increasing the output power
of optically pumped semiconductor disk lasers (SDLs), especially in challenging wave-
length regions. This task required efficient thermal management of the SDL gain struc-
tures, because the output power of these lasers is limited by pump-induced heating. In
particular, the excess heat is most effectively removed from thin structures with high

thermal conductances. This issue was addressed by developing processes for

* integrating SDL gain elements onto chemical vapor deposition (CVD) diamond
heat spreaders using very thin intermediate layers,

* enhancing the reflectivity of the mirror section and thereby enabling thinner mirror
structures, and

* integrating thin GaAs-based mirrors onto InP-based active regions.

The first two issues are essential for SDLs utilizing the so called flip-chip configuration
for thermal management, which is preferred for several SDL applications. The last issue
is essential for InP-based SDLs emitting in the wavelength range 1.25—1.7 um, because
high-reflective thin mirror sections cannot be fabricated using InP-based compounds.
Special attention was paid to the processing temperature, because low temperature pro-
cesses offer relaxed requirements for matching of the coefficients of thermal expansion
(CTE) between disparate materials.

As for the spectral versatility, the emission wavelength of the demonstrated InP-
based SDLs can be tailored by controlling the material composition of the gain element.

Such wavelength flexibility is not available from solid state lasers in the wavelength

2



1.2. The scope of the thesis

range 1.25-1.7 um, due to the lack of appropriate gain materials [14]. Furthermore,
InP-based SDLs enable emission in the wavelength range 625-800 nm via intracav-
ity frequency-doubling. Consequently, they avoid the drawbacks of directly emitting
SDLs at wavelengths below 800 nm. These drawbacks include mirror sections with rel-
atively low thermal conductivities, temperature-sensitive gain regions that hinder high
power operation, and the requirement for pump lasers emitting in the visible wavelength
range. Therefore, frequency-doubled InP-based SDLs can provide an alternative to the
expensive and bulky titanium-sapphire lasers when a broad wavelength tunability is not
required [15].

The main properties and operation principles of SDLs are presented in Chapter 2.
The discussion is opened by comparing SDLs with electrically pumped semiconductor
lasers and optically pumped solid state thin disk lasers (TDLs), because SDLs combine
the benefits of both laser types. This is followed by an introduction to the functional
components and the thermal management of SDLs. The optical pumping and external
cavity configurations of SDLs are described next. The chapter is concluded with a review

of the wavelength coverage of SDLs.

Chapter 3 presents the results that were obtained with GaAs-based structures emit-
ting at wavelengths close to 1 um. The chapter devotes special attention to the thermal
management of SDLs using the so called flip-chip configuration. In this scheme, a thin
semiconductor chip is covalently bonded onto a CVD diamond heat spreader. The bond-
ing is preferably performed at a low temperature to prevent excessive residual stress
in the assembly. Furthermore, the bonding should be performed with thin intermedi-
ate layers to minimise the thermal resistance of the structure, and with materials that
can withstand high power operation. All these requirements are fulfilled by gold-gold
thermocompression bonding, which was demonstrated to enable 45-50 % higher output
powers than conventional bonding with indium. Chapter 3 also presents a procedure for
reducing the thickness of the SDL mirror section. This is accomplished by finishing the
SDL mirror section with a thin dielectric layer and a highly reflecting metal layer. The
design is demonstrated to enable 30 % thinner mirror structures when compared with
the conventional design, where the semiconductor mirror is finished with a highly re-
flecting metal layer. The chapter is concluded with a review on single-frequency SDLs,
and the demonstration of an output power of 4.6 W in single-frequency operation at a

wavelength of 1.05 ym, which was a record at the time.
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Chapter 1. Introduction

Chapter 4 covers wafer-fused and wafer-bonded SDLs emitting at the wavelengths
of 1.3 yum and 1.6 um. In these SDLs, the gain structure was fabricated by integrating
InP-based gain sections with GaAs-based mirror sections. The discussion is started by
introducing the basic concepts of wafer bonding using Si-based materials. These con-
cepts are then utilized in a review of the special features and requirements for direct
III-V semiconductor wafer bonding, also known as wafer fusion. The introductory part
is concluded by a presentation of low temperature wafer bonding methods for III-V semi-
conductors using thin Si-based intermediate layers. The experimental section includes
SDLs fabricated with wafer fusion at 650 °C, wafer bonding at 200 °C using Si-based
intermediate layers, and wafer bonding at 200 °C using a self-assembling monolayer
(SAM). The wafer fusion processes were performed at Ecole Polytechnique Fédérale
de Lausanne in Switzerland, while the last two processes were developed by the au-
thor. The three methods enabled multi-watt output powers at the wavelengths of 1.3 ym
and 1.6 ym. Furthermore, record-high output powers were demonstrated with 6.6 W at
1.3 um, 4.6 W at 1.58 um and 1 W in single-frequency operation at 1.56 ym.

Chapter 5 begins with a review of nonlinear frequency conversion in SDLs. This is
followed by an introduction to intracavity second-harmonic generation, where a nonlin-
ear crystal is placed inside the laser cavity. The chapter is concluded by a presentation of
second-harmonic generation with SDLs emitting at the wavelengths 1.3 yum and 1.58 ym.
The frequency-converted output powers reach of 3 W at 650 nm and 1 W at 785 nm,

which represent the highest output powers reported from SDLs in this wavelength range.



Chapter 2
Semiconductor disk lasers

Semiconductor disk lasers (SDLs) are essentially brightness and wavelength converters
that transform low-brightness light from pump diodes into a high-brightness output beam
at the desired wavelength. This chapter provides an overview of the operation princi-
ples of SDLs by comparing them with other types of semiconductor lasers and optically
pumped solid state thin disk lasers (TDL)s. The chapter is concluded with a presentation
of the functional blocks, cavity configuration, power scaling and wavelength coverage
of SDLs.

2.1 Introduction

A schematic diagram of an edge-emitting semiconductor diode laser is shown in Fig.
2.1(a). The device is pumped by injecting electric current into the narrow stripe on top
of the structure that confines the carriers in the horizontal direction. As the current flows
through the structure, light is emitted in the plane of the active region that is marked
by the dark area in the figure. The generated light is then horizontally guided by the
surrounding layers in the vertical direction and emitted from the edge of the device. Due
to the small and asymmetric emission apertures of these devices, their output beams are
highly divergent and asymmetrical. The small emission aperture can also lead to catas-
trophic optical damage at the emission edge of the diode, while a small active region
volume can lead to excessive device heating. Both problems can be alleviated by in-
creasing the stripe width, which allows lower optical intensities and lower heat densities

within the diode. However, such an approach also deteriorates the quality of the output
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Chapter 2. Semiconductor disk lasers

Laser output

Laser
Current output Cuqt
DBR
DBR
(a) Edge-emitting semi- (b) Vertical-cavity
conductor laser. surface-emitting  laser
(VCSEL).
Laser output Laser output
E).(ternal External
mirror ;
mirror
Current Pump
\ laser
CSL
DBR DBR
DBR
(c) Electrically pumped (d) Optically pumped
semiconductor disk semiconductor disk
laser (EP-SDL). laser (SDL).

Figure 2.1: Schematic diagrams of semiconductor lasers. The dark
region represents the gain region in all cases. DBR - distributed Bragg

reflector, CSL - current spreading layer.

beam.

Vertical-cavity surface-emitting lasers (VCSELSs) emit light from the surface of the
device, as illustrated in Fig. 2.1(b). In this case, the thin active region in is embedded
between two semiconductor distributed Bragg reflector (DBR) mirrors. The device is
pumped by injecting electric current into the small top-aperture of the device. Since the
volume of the active region is orders of magnitude smaller than in edge-emitting laser
diodes, the threshold currents are significantly lower. The symmetrical apertures also
allow VCSELSs to produce output beams with low divergence and circular profiles. These
devices are widely used in applications that require low output powers, high modulation
speeds, high quality output beams and low power consumption [16]. However, VCSEL

arrays have also been utilized to generate high output powers, though only with poor

6



2.1. Introduction

beam qualities [17].

Electrically pumped semiconductor disk lasers (EP-SDLs), or electrically pumped
vertical-external-cavity surface-emitting lasers (EP-VECSELSs), are similar to VCSELs.
However, in EP-SDLs the top DBR is less-reflective than in VCSELSs, and the laser cavity
is completed with at least one external mirror, as shown in Fig. 2.1(c). EP-SDLs also
have larger emission apertures than VCSELSs, and therefore require additional current
spreading layers (CSLs). These arrangements increase the complexity of the laser, but

the external cavity also allows [18-20]

* the properties of the laser beam to be controlled and therefore power scaling with
high quality output beams, and

* the utilization of intracavity optical elements such as optical filters for wavelength
selection, nonlinear crystals for frequency conversion and saturable absorbers for

mode-locked operation.

However, the performance of EP-SDLs is limited by a fundamental trade-off between
electrical and optical losses: the electrical resistance can be reduced by increasing the
doping level, but the consequent increase in free carrier absorption (FCA) increases the
optical losses [21-23]. A more suitable approach for high power operation is provided
by optical pumping, which enables [24]

 uniform excitation to be created on a large area of the gain element, which is
essential for obtaining high beam quality,

* doped layers in the structure to be avoided, and therefore reduced free carrier
absorption losses,

* electrical power loss from parasitic electrical resistance to be avoided, and

e carrier transport limitations in thick gain structures to be circumvented.

A schematic diagram of an optically pumped SDL is shown in Fig. 2.1(d). These
devices resemble solid state TDLs, which are known for providing high output powers
without compromising the beam quality [25]. However, they also have several dispari-
ties. For instance, the operation wavelength of solid state TDLs is limited to the discrete
emission lines of the available materials, whereas the emission wavelength of SDLs is
determined by bandgap engineering. This is a clear advantage of SDLs, because their
emission wavelength can be tailored to match specific applications. Another advantage

of SDLs is related to the requirements for the diode pump lasers. Solid state materials
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usually require pumping at specific wavelengths that correspond to the narrow absorp-
tion lines of the given materials. There is no such restriction associated with SDLs,
because the pump photon energy only needs to exceed the bandgap of the pump absorb-
ing layers [6]. Solid state TDLs also require optics for recirculating the residual pump
radiation, because only a fraction of the pump light is absorbed in a single pass through
the 100-300 um thick gain section [2,25]. SDLs do not require such arrangements, be-
cause up to 90% of the pump radiation can be absorbed in a single pass through 2 ym
of semiconductor material. Furthermore, the DBR can be designed to reflect the pump
radiation, which essentially doubles the pump absorption length and allows even thinner
SDL structures to be utilized [26].

2.2 SDL configuration

Optically pumped SDLs and solid state TDLs both comprise a gain section on top of
a mirror section. However, in solid state TDLs the gain section is uniform, whereas in
SDLs it comprises several disparate functional layers. The gain section and the DBR
section also form a so called resonant periodic gain (RPG) structure in SDLs. These

concepts are introduced in the following sections.

2.2.1 The gain section

The periodic atomic structure of semiconductors confines the carriers to a valence band
E, and a conduction band E., which are illustrated in Fig. 2.2. The separation of these
bands is called the bandgap energy E,. It corresponds to the minimum energy that has to
be provided by the pump laser to excite electrons from the valence band to the conduction
band.

Upon pumping, the excited electrons in the spacer and barrier layers diffuse into the
lower energy states in the quantum wells (QWs). The electrons then drop back into
the valence band and may emit light at a wavelength corresponding to the QW energy
Eqw. The window layer on top of the structure prevents the carriers from reaching the
gain element surface, where they would be lost to non-radiative recombination. Some

structures also include a cap layer that protects the window layer from oxidation.
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Figure 2.2: A schematic diagram of an SDL structure with 10 QWs
and a DBR.

2.2.2 The DBR section

The DBR section comprises a periodic stack of transparent semiconductor layers with
high and low refractive indices denoted by ny and np.. The DBR operation is based on
the fact that a portion of the incoming light is reflected at each layer boundary, and that
light reflected from the low refractive index layer experiences an additional phase shift
of 180°. These reflections reinforce one another through constructive interference if the

optical thickness of each layer corresponds to one quarter of a full wavelength

= nlhe)

2.1)

where Ap is the center wavelength and n(Ag) the corresponding refractive index. If the
DBR is formed on a substrate with a refractive index ng, the DBR reflectivity at the

2N
<E> (2.2)

center wavelength Ag is given by [27]

Ron(AB) = - <Z_?>
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for a structure with an even number of layers (2N), and by

2

1 () () (Z—i‘)m (2.3)
e () (3) ()™

for a structure with an odd number (2N+1) of layers. The letter N refers to the number

Ront1(AB) =

of DBR layers and n; denotes the refractive index of the surrounding medium. The
refractive indices of the substrate and the surrounding material determine whether an
even or an odd number of DBR layer pairs is chosen. For maximized reflectivity, the
DBR should start and end with a layer that provides the highest refractive index contrast
to the surrounding material. The bandwidth of the DBR is determined by the refractive
index contrast between the DBR layers, and is given by [28]

1+

nH

4\ 10
AAg = TBarcsin <—Z_‘L{ . (2.4)

2.2.3 Resonant periodic gain structure

In VCSELs and SDLs, the active region and the DBR section form a resonant periodic
gain (RPQG) structure [29, 30]. In an RPG structure, the QWs are placed at the antinodes
of the standing optical wave at the target wavelength A;. Consequently, the excited car-
riers are confined to the positions of maximum optical intensity, where the interaction
between the gain material and the optical field is the strongest.

The optical length of the RPG structure is often chosen as a multiple of A;/2 in
order to make the structure resonant at A;. Such a resonant structure provides the high-
est gain, because it increases the optical field confinement within the RPG structure.
The most efficient operation is obtained when the resonance wavelength, the QW po-
sitioning, the QW peak gain and the DBR center wavelength correspond to the same
wavelength, A, [31].

However, a resonant design also introduces high group delay dispersion and de-
creases the gain bandwidth. This can be detrimental e.g. for mode locking [32], wave-
length tunability [33] and single-frequency operation [4]. Therefore, the gain structure is
sometimes designed to be antiresonant, even though such an approach inevitably reduces

the gain and makes the laser more susceptible to cavity losses.
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2.3. Thermal management

2.3 Thermal management

The main heat sources in SDLs are the energy difference between the pump and the
laser photons, called the quantum defect, and non-radiative recombination [34,35]. The
temperature of SDLs increases with pump power and brings forth issues such as an
increased amount of non-radiative recombination and reduced material gain [35-39]. In
addition, the QW peak gain shifts to longer wavelengths by ~ 0.3-0.5 nm/K, while the
optical length of the RPG structure and the DBR center wavelength shift at a rate of
~ 0.1-0.2 nm/K. Consequently, the QW peak gain wavelength cannot match the RPG
resonance wavelength or the center of the DBR bandwidth at all pump power levels.
Therefore, the QW peak gain is designed to locate at shorter wavelengths than the optical
length of the RPG structure at room temperature, so that they coincide at the typical SDL
operating temperature [40,41]. Otherwise, the gain is reduced at low pump powers and
the output power remains low [35].

The power scaling of SDLs relates to thermal management and is based on the thin
disk approach. This configuration allows efficient cooling, because the cooled area of
the disk-shaped gain element is large with respect to its volume. Therefore, the heat flow
occurs mainly along the thickness of the disk and is nearly one-dimensional. In an ideal
case, the output power can be doubled, without increasing the temperature of the gain
element, by doubling the pumped area.

However, this concept of power scaling is eventually limited by lateral heat flow in
the heat sink and the gain element [42—44]. In particular, the thermal resistance of the

heat sink starts to limit the power scalability beyond a critical pump spot radius given

by [42]
8 ki d

Wep = \/thS , (2.5)
T K

where Ky is the thermal conductivity of the heat sink, K the thermal conductivity of

the semiconductor structure and d the thickness of the gain element. Beyond the critical
radius, the power scaling becomes increasingly less efficient. Eventually, the threshold
pump intensity exceeds the thermal roll-over pump intensity [45]. In addition, the power
scaling can be limited by scattering losses, diffraction losses [34,46—48] and amplified
spontaneous emission (ASE) [34,49,50]. Nevertheless, additional power scaling can be
obtained by using multiple gain elements within the same cavity [45,51-54].

Thermal management of SDLs is typically achieved by bonding a heat spreader to
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Figure 2.3: Thermal management schematics of semiconductor lasers.

the bottom of the DBR, or by bonding a transparent heat spreader to the top emitting sur-
face of the SDL. These procedures are called the flip-chip approach and the intracavity
diamond approach, respectively, with illustrations shown in Figs. 2.3(a) and 2.3(b).

In the flip-chip approach, the SDL structure is usually bonded onto a CVD diamond
heat spreader using intermediate metal layers. The substrate is then removed from the top
of the structure and the diamond-SDL assembly is bonded onto a water-cooled copper
heat sink. The excess heat in the active region is extracted through the DBR section, so
the thermal conductivity of the DBR section is essential in this configuration.

In the intracavity diamond heat spreader configuration, the as-grown structures are
simply capillary bonded onto the diamond heat spreaders at room temperature using
water or alcohol [55]. The assembly is kept intact during laser operation by applying
uniform mechanical pressure from the bottom of the SDL chip. In this case, the excess
heat is extracted directly from the active region, so the thermal conductivity of the DBR

is less critical. The top surface of the intracavity diamond is often completed with an an-
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tireflection (AR) coating to reduce the pump and signal reflections. The AR coating has
been found to improve the beam quality of the SDLs, but it also reduces the confinement
of the optical field within the RPG structure, and therefore the SDL gain [56].

2.4 The cavity and pump configuration

Light confined in any laser cavity comprises certain transverse and longitudinal modes
that reproduce themselves after each round-trip [57]. The divergence, diameter and en-
ergy distribution of laser beams are determined by the transverse modes, while the spec-
tral characteristics are determined by the longitudinal modes. This section focuses on the
transverse modes that determine the beam quality of the laser. The longitudinal modes
are covered in section 3.4.

The lowest order transverse mode is denoted TEMgy and has a Gaussian intensity
distribution with an intensity maximum on the beam axis. It also has the smallest radius,
the smallest divergence and the highest power density of the transverse cavity modes.
The higher order transverse modes have intensity maxima outside the beam axis, and are
denoted TEMp,, in Cartesian and TEMj, in cylindrical coordinate systems. The beam
radius and divergence increase with increasing mode number (n, m, p, 1).

Lasers that have most of their energy in the TEMgp-mode are considered to have
”good beam quality”. The beam quality is often described with a beam quality parameter
M?Z. Tt describes how fast the laser beam diverges when compared to a diffraction-limited
beam that has an M? value of one.

For SDLs, designing optical cavities that favour lower order transverse modes is
usually simple and can be done analytically. The main requirements relate to the funda-
mental cavity mode size at the gain element and the cavity stability. The cavity mode at
the gain element should be closely matched to the pump spot, because a smaller pump
spot will introduce additional losses while a larger pump spot can excite higher order
transverse modes. It is also beneficial to build stable laser cavities in order to mini-
mize the effects of small external disturbances and misalignment on the laser operation.
Schematics of typical I-, V- and Z-cavities are shown in Fig. 2.4.

In general, SDL cavities are simpler to design than solid state laser cavities [58],
because the thinner SDL structures have smaller thermal gradients and shorter interac-
tion lengths with the laser light. Consequently, the optical distortions caused by thermal

lensing in the gain element are kept to a minimum, and the SDL cavities stay essentially
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(a) Linear or I-cavity. (b) V-cavity. (c) Z-cavity.
Figure 2.4: External cavity schematics. The gain chip is shown by the

dark bar and the cavity mirrors as light boxes.

unchanged over a large range of output power [44,53,59, 60].

Matching the pump spot to the fundamental cavity mode is also relatively simple in
SDLs [45,61,62]. In particular, the requirements for the pump beam quality are very re-
laxed, because even a highly divergent pump beam can be matched with a low divergence
SDL mode over a short distance of a few ym in the SDL gain section. Furthermore, it is
relatively easy to produce a Gaussian intensity distribution over a distance of a few ym
even with diode lasers that have very poor beam quality. Consequently, the spatial profile
of the pump beam can be well-matched to the Gaussian fundamental cavity mode of the
SDL, which is favourable for obtaining high beam quality [63,64]. However, it should
be noted that a uniform pump profile does introduce smaller temperature gradients and a
lower peak temperature than a Gaussian pump profile [65]. Such uniform pump profiles
are easily obtained from high power diode lasers [66] and have been used in SDLs with
large pump areas [67, 68].

2.5 Wavelength coverage

The most impressive SDL performances have been obtained in the wavelength range
0.92-1.18 um using GaAs-based structures with InGaAs QWSs. These demonstrations
include tens of watts of output power in single transverse mode operation and over

100 watts in multiple transverse mode operation [53,68,69]. Such performance is made
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possible by the material properties of the GaAs-based structures emitting at ~ 1 um.
These properties include high material reliability and high thermal conductivity [70-72].
Furthermore, the DBRs can be fabricated using GaAs/AlAs layers that have a high re-
fractive index contrast and therefore enable thin DBR structures with good optical prop-
erties.

SDLs operating in the 1.3—1.6 um region are usually fabricated on InP substrates with
InGaAsP QWs. However, these structures suffer from poor-performance DBRs. The
reflective properties of the DBRs are degraded, because the materials lattice-matched
to InP possess low refractive index contrast. This shortcoming limits the DBR band-
width and essentially doubles the number of required layer pairs when compared with
GaAs-based DBRs around 1 ym. Furthermore, the large number of DBR layer pairs and
the increased A/4 layer thickness lead to very thick DBR structures, which results in
increased absorption losses and increased thermal resistances [73]. In addition, the ma-
terials lattice-matched to InP possess low thermal conductivity and the gain in InGaAsP
QWs is sensitive to temperature [74,75]. Consequently, InP-based structures usually uti-
lize intracavity diamond heat spreaders that circumvent the thermal impedance brought
by the thick DBR [76].

SDLs emitting below 800 nm can be fabricated on GaAs substrates using various
material combinations for the gain section [77,78]. However, these structures also have
their own challenges, such as low carrier confinement in the QWs which leads to in-
creased temperature sensitivity, material degradation, AlGaAs/AlAs DBRs with reduced
refractive index contrast and thermal conductivity, and the requirement for pump lasers
emitting in the visible wavelength range [56,78-80]. Therefore, the performance of these
devices has remained modest when compared with GaAs-based SDLs emitting around
1 um.

Finally, SDLs have also been demonstrated at 800900 nm using GaAs-based ma-
terials [81, 82], at 2-3 um using GaSb-based materials [48], at 4-5 um using materials
grown on BaF; substrates [83,84], and even at 440 nm using GaN-based materials [85].
However, these wavelength regions are beyond the scope of this thesis and are not cov-
ered further.
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Flip-chip semiconductor disk lasers
with GaAs-based active regions

3.1 Introduction

Even though the intracavity diamond configuration requires less device processing and
little consideration for the thermal conductivity of the DBR, the flip-chip configuration is
preferred for several key SDL applications due to the drawbacks of intracavity diamonds.
These drawbacks include beam distortion, spectral modulation [56], lower power scaling
capabilities via increasing the pump spot size [86], intracavity losses [54, 87-92], bire-
fringence [93] and higher cost. However, the flip-chip configuration does impose more
demanding requirements for the bonding process. Namely, the bonding interface should
provide reliable operation at elevated temperatures, provide high thermal conductance,

and minimize the residual stress in the assembly.

3.1.1 Reliability

The reliability of a bonding interface relates to its deformation temperature. Soft solders
such as In possess low melting temperatures and therefore exhibit low deformation resis-
tance [94]. Better reliability can be obtained using Au-rich eutectic alloys such as AuSn,
Auln, AuSi and AuGe that have higher melting temperatures. The preferred alloys are
AuSn and Auln, because they provide relatively low bonding temperatures, high thermal

conductivities and high strengths [95,96]. Another option is to use metal-metal thermo-
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compression bonding with Au, Al or Cu, which have much higher melting temperatures
than the conventional solders and bonding alloys [97].

3.1.2 Thermal conductance

The thermal conductance of a bonding layer relates to its thermal conductivity and thick-
ness. With conventional solders and eutectic alloys, the thickness of the bonding layer
is in the range of a few micrometers [98,99] and produces a non-negligible contribution
to the thermal resistance of the structure. In addition, multiphase alloys possess infe-
rior thermal conductivities when compared with the constituent metals, because their
heterogeneous microstructure impedes the transfer of thermal energy [100, 101]. The
thermal conductivity of the bonding layer can also decrease in time due to the formation
of defects and voids [102-104].

3.1.3 Residual stress

The SDL gain elements tend to contract more than the CVD diamond heat spreaders dur-
ing the cooling phase of the bonding process. Consequently, residual stress is introduced
into the assembly, because the relative motion between the components is prevented by
arigid bonding layer. This stress increases with the bonding temperature, the size of the
gain element, and the difference in the coefficients of thermal expansion (CTE). More
detailed descriptions of these stress factors can be found in the literature [105].

The residual stress can be minimized by using heat sinks that are CTE-matched to
the laser chip [106] or by using thick Au or In layers between the laser chip and the
heat spreader [98, 107]. However, the former approach is limited by the low thermal
conductivity of the CTE-matched heat spreaders, while the latter approach increases the
thermal resistance of the structure by increasing the thickness of the bonding layer.

The residual stress can also be addressed by forcing the bonding layer to deform
and therefore accommodate the CTE difference between the heat spreader and the SDL
gain element. With solder alloys, this can be done by applying a relatively slow cooling
rate of 2-3 °C/s, which is fast enough to prevent accelerated ageing and slow enough
to allow stress relaxation [108—111]. The stress relaxation can be further enhanced by
applying an annealing stage at least 50 °C below the melting temperature of the bonding

interface [112—-114]. However, such deformation can also degrade the bonding layer by
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introducing accelerated ageing [115-119].

3.2 Low temperature Au-Au thermocompression

bonding

This section presents a low temperature Au-Au bonding technique for integrating flip-
chip SDLs onto CVD diamond heat spreaders [P1]. To date, Au-Au bonding has been
demonstrated for VCSELs at 350 °C using thermocompression bonding [120], at 180 °C
using thermosonic bonding [121, 122] and at 100 °C using surface activated bonding
[123]. Au-Au bonding has also been demonstrated for edge-emitting lasers at 300 °C
[124] and for various optical components at 100-150 °C [125, 126].

The Au-Au thermocompression bonding in this work was performed at a relatively
low temperature of 150 °C to minimize the residual stress in the assembly. The bonding
was also carried out using very thin Au layers in order to attain high thermal conductance
in the bonding interface. Furthermore, the high melting temperature of Au is expected to
provide a reliable bonding interface that can withstand high power operation and elevated
temperatures. The performance of Au-Au bonded SDLs was evaluated by comparing
them with SDLs that were bonded onto CTE-matched copper-diamond heat spreaders
using AugpSnyp and onto CVD diamond heat spreaders using In.

The thermal conductivities (ky,) of the 350 um thick copper-diamond and CVD di-
amond heat spreaders were 500 W/mK and > 1800 W/mK, respectively. The AuggSnyq
and In bonded SDLs were metallized with 15 nm Ti - 100 nm Pt - 125 nm Au layers and
the Au-Au bonded SDLs with 15 nm Ti - 125 nm Au layers using electron beam evapo-
ration. For In bonding, the CVD diamond heat spreaders were metallized with 15 nm Ti
- 100 nm Pt - 125 nm Au layers using electron beam evaporation and 7 ym of In using
resistive heating. For Au-Au bonding, a monolayer of (3-Mercaptopropyl)trimethoxy-
silane (MPTMS) was deposited on the CVD diamond surface in low vacuum [127] be-
fore the deposition of 125 nm Au by electron beam evaporation.

The Au-Au thermocompression bonding was begun with an initial oxygen plasma
treatment in order to remove organic contamination and render the Au surfaces active
for bonding. The plasma treatment was immediately followed by oxide removal [128],
which can be performed using ethanol or NH4OH [129, 130]. After 20 min in ethanol,
the SDL chips were pressed onto the CVD diamonds without drying, placed under uni-
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Figure 3.1: A schematic diagram of the Au-Au thermocompression

bonding.

form pressure and annealed overnight at 150 °C. A schematic diagram of the process is
illustrated in Fig. 3.1. The GaAs substrate was then removed by wet etching and the
SDL-diamond assembly was bonded onto a water-cooled copper block.

The first gain structure was grown by solid source molecular beam epitaxy (MBE)
and was designed to operate at 1050 nm. The gain section comprised 3 InGaAs quantum
wells (QWs) that were placed at the antinodes of the optical field using GalnAsP spacer
layers. The DBR comprised 28.5 pairs of GaAs/AlAs layers. All three chips were tested
in a V-cavity with the gain element as an end mirror, a highly reflective curved folding
mirror and a plane 2% output coupler (OC). The pump radiation from a fiber-coupled
808 nm diode laser was focused onto a spot with a diameter of 300 um on the gain
element. The cavity was designed to ensure good overlap between the pump spot and
the fundamental cavity mode.

The output characteristics of the 3 QW SDLs are shown in Fig. 3.2. The output
power reached 1.9 W with the CTE-matched copper-diamond heat spreader, 2.8 W with
the In bonded chip and 4.2 W with the Au-Au bonded chip. The corresponding thermal

resistances (Ry,) are given in the legend of Fig. 3.2. The Ry, values were derived from
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Figure 3.2: The output power as a function of pump power for
AugpSnyg, In, and Au-Au bonded SDLs with 3 QWs. The optical spec-
tra for the AuggpSnyg bonded SDL are shown in the inset.
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Figure 3.3: The output power as a function of pump power for In and
Au-Au bonded SDLs with 10 QWs. The optical spectra for the Au-Au
bonded SDL are shown in the inset.

the shift rates of the longest wavelength component in the emission spectra [131]. They
were 9.08 K/W, 5.62 K/W and 3.09 K/W for the AugpSnyq, In, and Au-Au bonded chips,
respectively.
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The Au-Au and In bonding processes were also performed with a gain structure that
was more suitable for high power operation. In this case, the MBE-grown structure
comprised 10 InGaAs QWs that were placed at the antinodes of the optical field using
GaAs spacer layers. The DBR comprised 23 pairs of GaAs/AlAs layers. The SDLs
were tested in a V-cavity as before, but now the fundamental mode diameter on the gain
element was 430 um and the output coupling ratio 4%. The corresponding output powers
as a function of pump power are shown in Fig. 3.3. In this case, the Au-Au bonded SDL
produced a maximum output power of 14 W and the In bonded SDL 9.6 W at a pump
power of 44 W. The beam quality parameter M? was measured to be below 1.4 in both
cases at all pump powers.

3.3 Semiconductor-dielectric-metal compound mirrors

In addition to the thickness of the bonding layer, the performance of flip-chip SDLs also
depends on the thermal and optical properties of the DBR. Reflectivities > 99.8 % are
typically required at the laser wavelength and can be easily obtained with just a few
pairs of silicon and dielectric layers. Such designs have been utilized in edge-emitting
semiconductor lasers [132], VCSELs [133] and SDLs [134], but the thermal resistance
of these materials limits their applicability [135]. Therefore, the DBRs in SDLs typi-
cally comprise 20-40 layer pairs of semiconductor materials with relatively high thermal
conductivities. However, the optimal approach often relies on a combination of various
materials, and depends on the SDL wavelength. This section provides an introduction
to these different SDL mirror designs and presents SDLs with semiconductor-dielectric-

metal compound mirrors.

3.3.1 Enhancing the DBR reflectivity

The thermal conductance of GaAs-based DBRs at ~ 1 um is relatively high, because they
can be fabricated using thin GaAs/AlAs layers with high thermal conductivity and high
refractive index contrast. However, the thermal resistance of the DBR increases with
wavelength due to the increasing A/4 layer thickness. Furthermore, the quantum defect
tends to increase with wavelength, because GaAs-based structures are generally pumped

with 808 nm diode modules and InP-based structures with 980 nm diode modules.
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The increase in DBR thermal resistance can be alleviated by using a lower num-
ber of DBR layer pairs and by applying an Au layer to enhance the reflectivity of the
DBR. In particular, using an Au layer as the last DBR layer, the number of layer pairs
can be reduced from ~ 25 to ~18 with GaAs/AlAs DBRs while maintaining a reflec-
tivity > 99.8 % [136]. In principle, such a configuration could enable an even lower
number of DBR layers, but the Au layer also requires an absorbing Ti/Cr adhesion layer
that reduces the reflectivity of the structure [137]. However, even if the Au layer could
be deposited directly onto the semiconductor DBR, the Au atoms could diffuse into the
semiconductor DBR at elevated temperatures [138].

An alternative approach is to place a thin dielectric layer between the semiconductor
DBR and the highly reflective metal interface. This approach has been used in edge-
emitting lasers with SiO;-Ti-Au layers [139] and in semiconductor saturable absorber
mirrors (SESAMs) with Al,03-Ag [140] and SiO,-Au layers [141, 142]. The dielectric
layer allows thinner DBRs without compromising the reflectivity of the structure when
compared with the conventional semiconductor-metal mirror design. Furthermore, the
dielectric layer can provide high thermal conductance, provided it is thin enough.

However, care should be taken when combining semiconductors, dielectrics and
highly reflecting metals. Specifically, the layers should provide a combination of high
adhesion and limited diffusion between the materials. These conditions are fulfilled us-
ing Al,O3-Al layers due to the high stability of Al,O3 [138, 143]. Another option could
be to use fluorine-based dielectrics with Au [144, 145]. Such an approach would allow
a lower number of DBR layer pairs than the Al,O3-Al design, because Au has a higher
reflectivity than Al.

3.3.2 SDLs with GaAs/AlAs-Al,O03-Al compound mirrors

This section presents MBE-grown flip-chip SDLs with GaAs/AlAs-Al,O3-Al compound
mirrors [P2]. The active region comprised 13 InGaAs QWs that were placed at the antin-
odes of the optical field using GalnAsP spacer layers. The DBR comprised 28.5 pairs of
GaAs/AlAs layers. The wafer was cut into pieces and different numbers of DBR layer
pairs were removed by wet etching. The GaAs layers were removed using CqHgO7:H>0»
(4:1) and the AlAs layers using H3PO4:H20,:H;0 (3:1:50) [146]. After the wet etch-
ing, the set of SDL structures comprised gain elements with 11.5, 18.5 and 28.8 DBR

layer pairs. The top-most GaAs surfaces were then treated with NH3 plasma before de-
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Figure 3.4: A schematic diagram of the SDLs structures with the
GaAs/AlAs-Al,O3-Al and GaAs/AlAs-Ti-Al mirrors.

positing 90 nm of Al,O3 by atomic layer deposition (ALD) [147]. The structures were
finished by depositing 120 nm Al by electron beam evaporation. Thermal management
was achieved by bonding the 2 x 2 mm? gain chips onto CVD diamond heat spreaders
with dimensions of 3 x 3 x 0.3 mm>. A schematic diagram of the SDL structures is
shown in Fig. 3.4.

As a reference for the thermal properties of the GaAs/AlAs-Al,O3-Al design, SDLs
with 10 nm Ti - 120 nm Al metallization layers were also fabricated. The highly reflect-
ing metal layer was chosen to be Al instead of Au, so that the only difference between the
SDLs was the substitution of Al,O3 by Ti. The Ti-Al metallized SDLs were only tested
with the full 28.8 DBR layer pairs, which provided a theoretical reflectivity > 99.98 %
at the signal wavelength.

All the DBR configurations were also tested with a TiO,-SiO, AR coating. The
AR coating was designed to reduce the reflectivity of the top surface to below 0.3 %
at the signal wavelength. The AR coating introduced more stringent requirements on
the reflectivity of the compound mirror, because it reduced the gain enhancement in the
active region.

Simulated reflectivity curves for the uncoated SDLs with the Al,O3-Al and the Ti-
Au design are shown in Figs. 3.5(a) and 3.5(b), respectively. Figures 3.6(a) and 3.6(b)
show the same reflectivity curves for the AR-coated SDLs. The reflectivity curves are

summarized in Figs. 3.7(a) and 3.7(b), which highlight the differences between the two
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Figure 3.5: Simulated reflectivity for the uncoated SDL structure.
— 11.5 DBR layer pairs - 90 nm Al,O, - 120 nm Al —— 11.5 DBR layer pairs - 10 nm Ti - 120 nm Au
—— 18.5 DBR layer pairs - 90 nm Al,O, - 120 nm Al — 18.5 DBR layer pairs - 10 nm Ti - 120 nm Au
——28.5 DBR layer pairs - 90 nm Al,O, - 120 nm Al —— 28.5 DBR layer pairs - 10 nm Ti - 120 nm Au
< 100.0¢ ﬁ O\O’IOO.O» ﬁ
2 995 2 99.5¢
= =
8 99.0¢ 3 99.0¢
T 985} ¢ 985}
1000 1020 1040 1060 1080 1100 1000 1020 1040 1060 1080 1100
Wavelength, nm Wavelength, nm
(a) AR-coated SDL structure with the (b) AR-coated SDLs structure with the
semiconductor-Al,O3-Al mirror. semiconductor-Ti-Au mirror.

Figure 3.6: Simulated reflectivity for the AR-coated SDL structure.

designs. For a reflectivity > 99.8 %, a minimum of 18.5 DBR pairs are needed with the
conventional Ti-Au mirror design, whereas 11.5 DBR layer pairs is sufficient with the
Al,O3-Al design.

The SDL gain elements were tested in a V-cavity that had the gain element as an
end mirror, a highly reflective curved mirror and a plane output coupler. The optical
pumping was performed with a fiber-coupled diode laser that was focused onto a spot
with a 400 um diameter on the gain elements. The output characteristics of the uncoated
and the AR-coated SDLs are shown in Figs. 3.8 and 3.9, respectively. The output powers
reached 16 W with the uncoated and 14 W with the AR-coated SDLs, regardless of the
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Figure 3.7: Comparison of the semiconductor-Al,O3-Al mirror and

semiconductor-Ti-Au mirror reflectivities.
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Figure 3.8: Output characteristics for the uncoated SDL structures with

the semiconductor-Al,O3-Al mirror. The corresponding thermal resis-

tances are given in the legend.

DBR thickness. The values for Ry, were obtained as in section 3.2 and are shown in
the legends of Figs. 3.8 and 3.9. Thermal roll-over was observed at slightly lower
pump densities with the AR-coated SDLs than with the uncoated SDLs, as predicted
in Ref. [35]. The beam quality parameter M? was measured to be below 1.3 for the
uncoated chips and below 1.4 for the AR-coated chips at all pump powers.
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Figure 3.9: Output characteristics for the AR-coated SDL structures

with the semiconductor-Al,O3-Al mirror. The corresponding thermal

resistances are given in the legend.

In all cases, the optimal OC transmission was 5% for all the uncoated chips and 2.5 %
for the AR-coated chips. This indicates that additional losses were not introduced into
the cavity with the reduction in DBR thickness. Furthermore, the output power was the
same with the full DBR for the Ti-Al and the Al,O3-Al designs, which indicates that the
introduction of the thin Al,O3 layer didn’t increase the thermal resistance of the SDLs.

The negligible effect of the number of DBR layer pairs on the output power and Ry,
was likely due to the high conductance of the relatively thin GaAs/AlAs DBR [148].
Nevertheless, reducing the number of DBR layer pairs can be beneficial for SDLs emit-
ting at longer wavelengths, where the A/4-thick DBR layers are thicker and the thermal
resistance of the DBR is larger [136]. Furthermore, even at emission wavelengths close
to 1 um, thinner DBR sections can provide reduced misfit dislocation density [149],

shorter growth times, less material use and lower cost.
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3.4 Single-frequency operation

In addition to their power scalability and high beam quality, SDLs have been considered
very suitable for single-frequency operation. This feature originates from the high-Q
external cavity and the properties of the SDL gain element. This section provides an in-
troduction to these properties and presents a single-frequency SDL with 4.6 W of output

power.

3.4.1 Longitudinal modes in SDLs

The longitudinal modes of SDLs are determined by the resonant frequencies of the ex-
ternal cavity and the bandwidth of the gain element, Avg,;,. The separation AVggg of the
cavity resonance frequencies, i.e. the free spectral range (FSR) of the cavity, is given
by [150]
c 1
= (3.1
2Lcav ]}t

where ¢, Loy and Ty are the the velocity of light, the optical cavity length and the cavity

AVESR =

round-trip time, respectively.
The finesse for an optical cavity with low losses Qo 1S related to the free spectral

range and given by
AVFSR 27

~ 9
AVC Ujoss

F = (3.2)

where Av. is the linewidth of a longitudinal cavity mode and oy the total optical losses

in the cavity. Another essential parameter is the Q factor, which is defined as

energy stored in the laser cavity

T
0=12m — 2y = 2mvy, = AV (33

energy lost in one oscillation cycle N oss Ve

where v and 1, are the optical frequency and the photon lifetime in the cavity, respec-
tively. Therefore, the cavity linewidth Av. can now be expressed as

I Oloss 1 1
AV, = — = = 34
¢ 2m Ty TwF 27t GD
and the photon lifetime as
T 1
Tph = = —F Leay- 3.5
ph oss (,‘TCT cav (3.5)

Consequently, narrow linewidth operation and long photon lifetimes can be obtained in

long high-finesse cavities, which are characteristic of SDLs [5, 151].
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3.4.2 Properties of single-frequency SDLs

The spectral width of any laser has a fundamental lower limit, because spontaneous
emission and cavity losses introduce fluctuations into the phase of the optical field within
the laser cavity. Lasers operating at this fundamental quantum limit exhibit frequency-
independent white noise, a Lorentzian emission spectrum and a linewidth (FWHM)
given by the Schawlow-Townes equation [152,153]. However, additional noise is added
in semiconductor lasers due to intensity-phase coupling, because both the gain and the
refractive index depend on the carrier density [154].

For SDLs, the fundamental limit for the linewidth is given by the modified Shawlow-
Townes equation [155, 156]

AVlaser =

2
o146l (45 it o
where ng), is the spontaneous emission factor (nsp, ~ 1-3) and o the linewidth enhance-
ment factor (o ~ 2-3) that takes into account the intensity-phase coupling in semicon-
ductor lasers. In SDLs, this limit is on the sub-Hz level, and very difficult to reach due to
technical noise [155,156]. This noise includes acoustic noise, mechanical vibrations and
temperature fluctuations caused by the (multimode) pump laser [157-160]. The conse-
quent cavity length fluctuations then translate into frequency fluctuations in the output
beam. Furthermore, the frequency fluctuations can also translate into intensity fluctua-
tions if wavelength selective elements are placed into the cavity, because the wavelength
selective elements modulate the intracavity losses depending on the wavelength.

Nevertheless, when compared with other types of lasers [4, 5,161, 162], SDLs can
provide very narrow linewidths, low noise, high side-mode suppression ratios and low
sensitivity to optical feedback due to the negligible amount of amplified spontaneous
emission (ASE). In particular, in SDLs [5, 156, 160, 163, 164]

* spontaneous emission is filtered by the external cavity for the emitted mode due to
a very narrow cavity linewidth Av. (or high-Q cavity, or long photon lifetime Typ,
or long high-finesse cavity),

* spontaneous emission easily leaks out from the long air-filled external cavity,

* the RPG structure provides spatially and spectrally homogeneous gain without
nonlinear mode interactions, and

* the RPG structure confines the excited carriers to the antinodes of the optical field,
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where they are efficiently extracted by the laser and not lost to spontaneous emis-

sion.

An essential parameter for single-frequency SDLs is the characteristic time. It is
the time that is required for a homogeneously broadened laser to collapse into single-
frequency operation after a strong perturbation, e.g. 100 % pump fluctuation. The char-
acteristic time is given by [156, 165, 166]

8In(2) T2L3,,
T3 Uoss

Tchar = ’ (3.7

where I’y is the gain or filter bandwidth. Single-frequency operation is obtained if the
characteristic time of the laser is shorter than the thermal, mechanical or pump fluctu-
ation time [48]. This can be achieved by using short cavities of 5-30 mm or by in-
troducing wavelength selective elements into the cavity. To date, these configurations
have been utilized to demonstrate single-frequency SDLs at wavelengths spanning from
the ultraviolet to 2.8 um [167-169] and with output powers up to 23 W [157]. Such a
combination of high output power and narrow linewidth makes single-frequency SDLs
particularly suitable for applications such as light detection and ranging (LIDAR), free

space communications and high resolution spectroscopy [161,170,171].

3.4.3 Single-frequency SDL emitting at 1.05 yum

This section presents the results that were obtained with a flip-chip single-frequency
SDL emitting at 1.05 um [P3]. The SDL structure was grown by MBE on GaAs sub-
strate. The gain section comprised 10 InGaAs QWs that were placed at the antinodes
of the optical field using GalnAsP spacer layers. The DBR comprised 28.5 pairs of
GaAs/AlAs layers.

Thermal management was achieved by bonding the 2 x 2 mm? gain chip onto a
CVD diamond with dimensions of 3 x 3 x 0.3 mm?>. The substrate was removed by wet
etching and the assembly was bonded onto a copper block using indium. The copper
block was cooled using a Peltier element without water circulation to avoid mechanical
vibrations. The SDL was also placed inside a styrofoam box to protect it from noise
originating from the environment.

The optical pumping was performed with a fiber-coupled diode laser that was focused

onto a spot with a diameter of 400 ym on the gain element. The ~ 128 mm long V-cavity
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Figure 3.10: Output characteristics of the SDL in single-frequency op-

eration. The optical spectra at various pump powers are shown in the
inset.

had the gain element as an end mirror, a curved highly reflective folding mirror and a
plane 3% output coupler. Single-frequency operation was obtained by placing a 1-mm
thick UV-grade fused silica etalon into the laser cavity.

The output characteristics of the single-frequency SDL are shown in Fig. 3.10. The
output power reached 4.6 W at a pump power of 21 W. The optical spectra at various
pump powers are shown in the inset. Single-frequency operation was confirmed with a
scanning Fabry—Pérot interferometer (FPI) with a free spectral range of 1.5 GHz. The
FPI spectrum is shown in Fig. 3.11 with a close-up of the resolution-limited 15 MHz
(FWHM) peak shown in the inset.

The linewidth of the SDL was further characterized using delayed self-heterodyne
interferometer (DSHI) measurements, where the laser output is divided into two beams
[172,173]. One beam is propagated through a long optical fiber that provides a time
delay, and the other beam is propagated through an acousto-optic modulator (AOM) that
provides an optical frequency shift. The beams are then combined and the linewidth is
calculated from the corresponding radio frequency (RF) beat note that is centered at the

AOM frequency. An illustration of the measurement setup is shown in Fig. 3.12

However, accurate DSHI measurements typically require very long fiber delay lines,

because the delay line needs to be ~ 6 times longer than the coherence length of the
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Figure 3.11: Scanning Fabry—Pérot interferometer spectrum taken at a
pump power of 16 W. A close-up of the 15 MHz (FWHM) interferom-

eter peak is shown in the inset.
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Figure 3.12: A schematic of the delayed self-heterodyne measurement

setup.

laser [174, 175]. This makes direct linewidth measurements using DSHI somewhat im-
practical, especially for measuring very narrow linewidths in the kHz range. Conse-
quently, the SDL linewidth was estimated using a delay line that was below the coher-
ence length of the laser. Such characterisation provides a rougher estimate for the laser
linewidth, but it also allows substantially shorter fiber delay lines.

When the delay line in DSHI is shorter than the coherence length of the laser, the two
beams stay partially correlated and the DSHI spectrum comprises an oscillating pattern
with a period corresponding to the inverse of the delay time [176, 177]. The measured
DSHI spectrum is shown in Fig. 3.13. It is centered at 150 MHz, which corresponds to
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Figure 3.13: Delayed self-heterodyne interferometer RF signal taken
at a pump power of 16 W.

the frequency shift of the fiber-coupled AOM. The 120 kHz oscillations indicate that the
coherence length of the SDL is considerably longer than the 1.7 km fiber delay. Now,
the measured lower limit for the SDL coherence length allows the upper limit for the

laser linewidth to be estimated from [178]

2In(2) ¢

Avg =
T Lcoh, G

(3.8)

for a Gaussian spectral distribution and from

C

Avy, = (3.9)

TCLcoh, L

for a Lorenzian spectral distribution. The corresponding linewidth values in this case
are 78 kHz and 38 kHz for Gaussian and Lorentzian spectral distributions, respectively.
However, it should be noted that the actual laser linewidth is expected to have a Gaussian
spectral distribution [159, 170].
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Chapter 4

Semiconductor disk lasers with
InP-based active regions

4.1 Introduction

As already covered in section 2.5, InP-based materials are suitable for emitting in the
wavelength range 1.2—1.7 um, but appropriate compound materials for the DBR section
are not available. On the other hand, GaAs-based structures can provide DBRs with very
good optical and thermal properties, but they suffer from low gain at wavelengths above
1.3 um [179]. Furthermore, since metamorphic growth [180] and dielectric DBRs [134]
have provided only limited performance with InP-based active regions, the optimal solu-
tion seems to reside in combining the properties of InP-based active regions with GaAs-
based DBRs. This type of integration was initially demonstrated using a process called
wafer fusion for optically pumped VCSELSs [181, 182], but it was later also extended to
SDLs [183, 184].

This chapter provides an introduction to wafer bonding of Si-based materials, wafer
fusion of III-V semiconductors, and wafer bonding of III-V semiconductors with inter-
mediate Si-based layers. The discussion is followed by a presentation of three different
bonding methods that were used to obtain multi-watt output powers from SDLs emitting
at 1.3 um and 1.6 um. The experimental results also include single-frequency operation

at 1.56 um with 1 W of output power.
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4.2 Wafer bonding

In essence, wafer bonding provides a route for integrating materials that cannot be
grown monolithically without introducing excessive amounts of defects. It has been
widely utilized in silicon-on-insulator (SOI) technology, which is used in the fabrica-
tion of integrated circuits (ICs), micro-electro-mechanical systems (MEMS) and sili-
con photonics [185-188]. Wafer bonding has also been utilized in photonic integrated
circuits (PICs) for integrating III-V optoelectronics onto Si wafers [188—191], because
these materials possess mismatched lattice constants and CTEs that hinder high-quality
monolithic growth [192]. In addition, wafer bonding has been utilized in III-V opto-
electronic devices such as photodetectors, edge-emitting semiconductor lasers and solar
cells [193-195].

4.2.1 Direct bonding with Si-based materials

The bonding techniques for Si-based wafers are conventionally divided into hydrophilic
and hydrophobic bonding. In hydrophilic bonding, the Si wafers are covered with an
oxide layer that is terminated by OH or NH, groups. The wafer surfaces are also covered
with a few monolayers of polar HO molecules that provide room temperature adhesion
via van der Waals forces upon joining the wafers. When the wafer stack is annealed
above 150 °C, the H,O molecules diffuse away from the bonding interface or react with
the surrounding material. In the case of Si wafers, hydrophilic bonding takes place via
the following reactions [196, 197]

= Si-OH + HO-Si =+ Si-O-Si + H,O 4.1)

= Si-NH; 4+ NH;-Si =«+>= Si-N-N-Si = +2H,. 4.2)

In hydrophobic bonding, the surface oxides are removed using HF and the wafer
surfaces are terminated with H and/or F atoms [198,199]. In this case, room temperature
adhesion is provided by polar HF molecules [200]. When the wafer stack is annealed
at several hundreds of degrees, the H and F atoms desorb from the wafer surfaces and
diffuse away from the bonding interface. In the case of Si wafers, hydrophobic bonding

takes place via the reaction [198]
= Si-H + H-Si =«»= Si-Si = +H5. 4.3)
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4.2.2 Direct bonding with III-V materials

While both hydrophilic and hydrophobic bonding are routinely used with Si-based wafers,
direct bonding of III-V wafers is conventionally performed using hydrophobic bond-
ing. This process is also called wafer fusion [201] or bonding by atomic rearrange-
ment [202]. The description of the wafer fusion process given here follows the one
given in Refs. [194,203,204].

The wafer fusion process comprises surface preparation, wafer contacting and an-
nealing at elevated temperatures (> 500 °C). The surface preparation usually includes
patterning in order to generate outgassing channels for the gasses that are released from
III-V surfaces during high temperature annealing. Organic contaminants are then re-
moved from the wafer surfaces using oxygen plasma or UV-ozone treatments. The
consequent oxide layers are removed using appropriate chemicals such as HF for InP
and HCI for GaAs, but the oxide removal can also be done in an environment with re-
duced oxygen partial pressure. Finally, the wafers are contacted with uniform pressure
of 3 kPa — 3 MPa and the temperature of the assembly is increased to > 500 °C for about
30 min. In the case of bonding InP and GaAs, phosphorus (P) and indium (In) are said
to be the mobile species that provide uniform contacting via atomic diffusion.

The wafer fusion processes in this thesis were performed at Ecole Polytechnique
Fédérale de Lausanne in Switzerland. The process was initially developed for fabricat-
ing VCSELs with GaAs-based DBRs and InP-based active regions [205, 206]. In this
process, the GaAs and InP wafers are contacted at 600 °C in a vacuum or purified nitro-
gen environment. Upon annealing and applying uniform pressure, the wafers undergo
slight plastic deformation that allows uniform contacting on a wafer scale. When the
assembly is cooled to room temperature, the wafer stack bows with a radius of curvature
of about 1 m due to mismatched CTEs between GaAs and InP. However, the planarity

of the stack is restored once one of the substrates is removed [207].

4.2.3 Bonding of III-V materials with intermediate Si-based layers

In many cases, the temperature of the wafer bonding process is kept as low as possible to
prevent residual stress [208-210]. With Si-based materials, low temperature bonding is
usually performed using hydrophilic bonding. However, hydrophilic bonding with III-V
materials is not straightforward, because the characteristics of the surface oxides are less

known and the surface cleaning procedures less developed in comparison to Si-based
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materials. In particular, the oxides of GaAs are unstable and the surfaces are prone to
roughening upon wet chemical cleaning [211]. Furthermore, III-V materials react with
water at elevated temperatures and form gaseous side products, which can lead to large
interface bubbles [208,212,213].

A common method for low temperature bonding of III-V materials is to use thin inter-
mediate layers. The intermediate layers are usually Si-based dielectric layers [214,215],
metal layers [97], adhesive layers [216] or ultra thin polymer layers [217-219]. As
compared to direct hydrophobic III-V wafer bonding, this approach allows the use of
well-developed bonding procedures and provides less sensitivity to surface microrough-
ness [220].

The most common intermediate layer bonding method utilizes dielectric layers on
both III-V semiconductor surfaces. The surface activation is often done with plasma
[220, 221], but it can also be done chemically [196] or with UV light [222]. Another
particularly attractive method is the utilization of self-assembling monolayers. In this
case, a molecule with at least two different functional groups is deposited on the wafer
surface. The first functional group is used to attach the molecule to the first wafer, while

the second functional group is used to obtain bonding to the opposing wafer.

4.3 SDLs in the 1.3 yum wavelength band

High power operation in GaAs-based SDLs is hindered at wavelengths above 1.18 um
due to increased lattice mismatch between the InGaAs QWs and GaAs [223,224]. The
procedures for extending the emission wavelength beyond 1.18 ym include introducing
small amounts of nitrogen into the InGaAs QWs [225] and embedding InAs quantum
dots (QDs) into the InGaAs QWs [226,227]. The dilute nitride structures preferably
contain a high indium content for minimizing the amount of required nitrogen [228],
while the QD structures should be fabricated with one QD layer per antinode [229].
These schemes have provided maximum output powers of 4.7 W at 1.25 ym using InAs
QDs [230] and 0.6 W at 1.32 um using dilute nitride QWs [231]. However, the operation
of QD structures is unclear at 1.3 um [232] and the dilute nitride structures suffer from
increased non-radiative processes with increasing wavelength [233]. Consequently, the
optimal solution for SDLs emitting at 1.3 um seems to be the integration of GaAs-based
DBRs and InP-based active regions. The first demonstration of such an SDL produced

2.7 W of output power in the intracavity diamond configuration [183].
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4.3.1 Wafer-fused SDLs emitting at 1.27-1.31 ym

This section presents the results that were obtained with wafer-fused SDLs in the intra-
cavity diamond and the flip-chip configuration [P4, P7]. Both structures were processed
at Ecole Polytechnique Fédérale de Lausanne in Switzerland using the wafer fusion pro-
cess described in section 4.2.2. The SDLs were pumped at 980 nm using a fiber-coupled
diode laser and characterised in V-cavities with a curved folding mirror and a plane 2.5 %
output coupler. The fundamental cavity mode was designed to match the pumped spot
and the temperature of the gain element was set to 7 °C in all cases.

In the intracavity diamond configuration, the InP-based gain section was grown by
metallorganic vapor phase epitaxy (MOVPE) and comprised 10 compressively strained
AlGalnAs QWs. The QWs were placed at five antinodes of the optical field with a
distribution of 2-2-2-2-2 using lattice-matched AlGalnAs spacer layers and an InP win-
dow layer. The photoluminescence (PL) peak of the QWs was centered at 1263 nm at
room temperature. The DBR was grown by MBE on GaAs substrate and comprised 35
Alp.9Gag 1 As/GaAs layer pairs.

After the wafer fusion process, the InP substrate was removed by wet etching and
the structure was cut into chips of 2.5 x 2.5 mm?. The CVD intracavity diamond heat
spreader had dimensions of 3 x 3 x 0.3 mm?> and a 2° wedge to avoid the etalon effect.
The top surface of the diamond was AR-coated for the pump and signal wavelengths
with TiO;-Si0, layers. The pump spot diameter at the gain element was set to 300 ym.
The output characteristics are shown in Fig. 4.1 with a maximum output power of 6.6 W.
However, the output power was later increased to 7.1 W using a similar configuration
[234].

The SDL in the flip-chip configuration had a similar structure, but now the AlGalnAs
QWs were placed at four antinodes of the optical field with a distribution of 3-3-2-2. In
addition, a A-thick defect blocking layer was placed below the gain section at the fusion
interface [235]. The PL peak of the QWs was centered at 1255 nm at room temperature.
The DBR was grown by MBE on GaAs substrate and comprised 24 GaAs/AlAs layer
pairs.

After the fusion process, the GaAs substrate was removed by wet etching and Ti-Au
layers were deposited onto the bottom of the DBR. The structure was then cut into pieces
of 3 x 3 mm? and a chip was Au-Au bonded ontoa 5 x 5 x 0.3 mm? CVD diamond heat

spreader. Finally, the InP substrate was removed by wet etching and the gain assembly
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Figure 4.1: Output characteristics of the wafer-fused SDL with intra-
cavity diamond configuration. The optical spectra are shown in the

inset at various pump powers.
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Figure 4.2: Output characteristics of the wafer-fused SDL with flip-
chip configuration. The optical spectra are shown in the inset at various

pump powers with a pump spot diameter of 300 um.

was bonded onto a water-cooled copper block using In.

The output characteristics of the flip-chip SDL are shown in Fig. 4.2. The maxi-
mum output powers reached 5.6 W and 6.1 W with pump spot diameters of 300 ym and
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400 um, respectively. The beam quality parameter M? was measured to be below 1.25
at all pump powers. The limited increase in output power with increasing pump area
was due to not having a good enough spot on the gain element with a 400 ym diameter.
Nevertheless, even the relatively small pump spot of 300 um enabled output powers that

were comparable to those obtained in the intracavity diamond configuration.

4.3.2 Wafer-bonded SDLs emitting at 1.32 ym

This section presents the results for wafer-bonded SDL structures with two different
intermediate layer bonding processes [P5]. In the first method, the DBR and the ac-
tive region were bonded using thin hydrophilic SiO; layers on both surfaces. In the
second method, the bonding was carried out utilizing a self-assembling monolayer of
(3-Mercaptopropyl)trimethoxysilane (MPTMS).

The InP-based active region was grown by MBE and comprised 10 compressively
strained AlGalnAs QWs. The QWs were placed at four antinodes of the optical field
with a distribution of 3-3-2-2 using lattice-matched AlGalnAs spacer layers and an InP
window layer. The PL peak of the QWs was centered at 1277 nm at room temperature.
The DBR was grown by MBE on GaAs substrate and comprised 25.5 GaAs/AlAs layer
pairs.

In the first bonding process, the SiO;-covered active region and the SiO;-covered
DBR were dipped into NH4OH to render them hydrophilic with NH; and OH groups
[196,215]. After drying with nitrogen, the wafers were bonded at room temperature
via van der Waals forces by placing them face-to-face and pressing the assembly in the
middle.

In the second bonding process, the SiO,-covered DBR structure was dipped into
NH4OH, dried with nitrogen and placed in a low-vacuum chamber with an open con-
tainer of MPTMS. This allowed the hydrophilic silanol groups Si(OCH3)3 of the MPTMS
vapour to react with the hydrophilic NH; and OH groups on the DBR surface [127].
Consequently, the DBR surface became covered with hydrophobic SH groups that were
located at the other end of the MPTMS molecules and could bond with a hydrophobic
InP surface [236]. The InP-based active region was then dipped into 0.5% HF, dried
with nitrogen, placed on the SH-terminated DBR, and bonded via van der Waals forces
at room temperature.

In both bonding processes, covalent bonding was achieved by applying a uniform
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Figure 4.3: Output characteristics of the wafer-bonded SDLs. The op-

tical spectra at various pump powers for the MPTMS-bonded SDL is

shown in the inset. The multiline spectra originate from the Fabry—

Pérot etalon effect induced by the intracavity diamond heat spreader.

A scanning electron micrograph of the MPTMS-bonding interface is

also shown in the inset.

pressure of 0.5 MPa and annealing the assemblies overnight at 200 °C. The InP substrate
was then removed by wet etching and the 8 x 8 mm? wafers were cut into pieces of

2 x 2 mm?

. Thermal management was achieved by capillary bonding 530 um thick
CVD intracavity diamond heat spreaders onto the gain elements. The top surfaces of the
intracavity diamonds were AR-coated for the pump and signal wavelengths with TiO,-
SiO, layers. The optical pumping was performed with a 980 nm fiber-coupled diode
laser and the pump spot diameter was set to 300 um. The fundamental cavity mode
of the V-cavity was designed to match the pumped spot. The temperature of the gain

elements was set to 15 °C.

The SDL output characteristics for both bonding processes are shown in Fig. 4.3.
The maximum output powers were 2.65 W and 3.23 W with the SiO,- and the MPTMS-
bonded SDL, respectively. The corresponding beam quality parameters M? were mea-
sured to be below 1.7 and 1.8 at all pump powers. However, it was later observed that
the output power and the beam quality were limited by the poor quality of the intracavity

diamond in both cases. A higher output power of ~ 4 W was later reported from this
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same batch using a smaller pump spot with a diameter of 200 ym [237] .

4.4 SDLs in the 1.5 ym wavelength band

The first SDL demonstrations at wavelengths around 1.55 um included a flip-chip struc-
ture with a dielectric DBR [134] and a monolithic InP-based structure with a thinned
substrate [238]. However, the output powers were limited to some tens of mW due to
the high thermal resistances of the DBRs. The output power was later scaled up us-
ing intracavity diamond heat spreaders. These results include 100 mW at 20 °C with a
monolithic InP-based structure [239] and 2.6 W at 10 °C with a wafer-fused SDL having
a GaAs-based DBR [184].

There have also been several reports of single-frequency SDL operation at 1.55 um.
The most notable results include 77 mW in the flip-chip configuration with a metamor-
phically grown GaAs-based DBR [180] and 170 mW in the intracavity diamond config-
uration with a monolithic InP-based structure [168]. Both results were obtained at a gain
element temperature of 20 °C. Such light sources could find use for example in optical
links [240].

4.4.1 Wafer-fused SDL emitting at 1.58 ym

This section presents the results that were obtained with a wafer-fused SDL emitting at
1.58 um [P8]. The InP-based gain section was grown by MOVPE and comprised 10
compressively strained AlGalnAs QWs. The QWs were positioned at five antinodes of
the optical field with a distribution of 2-2-2-2-2 using AlGalnAs spacer layers and an InP
window layer. The PL peak of the QWs was centered at 1520 nm at room temperature.
The DBR was grown by MBE on GaAs substrate and comprised 35 Alg 9Gag.1As/GaAs
layers pairs.

After the wafer fusion process, the InP substrate was removed by wet-etching and
the structure was cut into chips of 2.5 x 2.5 mm?. Thermal management was performed
using an CVD intracavity diamond heat spreader with dimensions of 3 x 3 x 0.3 mm?.
The top surface of the diamond was AR-coated for the pump and signal wavelengths
with TiO,-SiO; layers.

The SDL was tested in a V-cavity with a curved folding mirror and a plane 1.5 %

output coupler (OC). The optical pumping was performed with a 980 nm fiber-coupled
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Figure 4.4: Output characteristics of the 1.58 ym SDL. The optical
spectra are shown in the inset at various pump powers. The multiline
spectra originate from the Fabry—Pérot etalon effect induced by the

intracavity diamond heat spreader.

diode laser that was focused onto a spot with a 300 um diameter on the gain element.
The fundamental mode of the V-cavity was designed to match the pump spot and the
temperature of the gain element was set to 8 °C. The output characteristics are shown in
Fig. 4.4 with a maximum output power of 4.6 W. The beam quality parameter M? was

measured to be below 1.25 at all pump powers.

4.4.2 Single-frequency wafer-fused SDL emitting at 1.56 ym

The gain element presented in the previous section was also utilized for single-frequency
operation [P6]. The external cavity was a V-cavity as before, but now two UV-grade
fused silica etalons with thicknesses of 1 mm and 0.75 mm were inserted into the cavity
to obtain single-frequency operation. The temperature of the gain element was kept
at 15 °C. It was controlled using a Peltier element without water circulation to avoid
mechanical vibrations. The SDL was also placed inside a styrofoam box to protect it
from noise originating from the environment.

The output power characteristics in single-frequency operation are shown in Fig. 4.5
with a maximum output power of 1 W. The corresponding optical spectrum is shown in

the inset. The single-frequency operation was confirmed with a scanning FPI with a free
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Figure 4.5: Output characteristics of the single-frequency SDL. The

optical spectrum taken at output power of 1 W is shown in the inset.
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Figure 4.6: Scanning Fabry—Pérot spectrum taken at output power of
950 mW. The free-spectral range of the FPI is 1.5 GHz. A close-up of
the 18 MHz (FWHM) line is shown in the inset.

spectral range of 1.5 GHz. The FPI spectrum is shown in Fig. 4.6 with a close-up of the
resolution-limited 18 MHz (FWHM) line in the inset.

The SDL linewidth was also characterised using DSHI measurements that were in-

troduced in section 3.4.3. The DSHI spectrum with a 5 km fiber delay is shown in
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Figure 4.7: Delayed self-heterodyne interferometer spectrum taken at
output power of 600 mW. Red line: fitting of Eq. 4.4.

Fig. 4.7. The oscillating pattern is centered at 100 MHz which corresponds to the fre-
quency shift of the AOM, and has a 40 kHz period which corresponds to the 5 km fiber
delay. For clarity, the oscillating pattern in Fig. 4.7 was also fitted with a Lorentzian
function describing the power spectrum [241]

S(Vv) o< _AvL ( 1 — &>™VL [cos(2mvTg) + 2nAerdsinc(2nvrd)]) 4.4)

vZ+Av?

to provide a reference for the overall signal shape excluding the peak in the middle
[174, 176, 242,243]. Here v is the laser frequency, Avy, the FWHM of the assumed

Lorentzian line and T4 the delay time. The upper limits for the laser linewidth are 27
kHz and 13 kHz for Gaussian and Lorentzian spectral distributions, respectively.
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Chapter 5

Frequency conversion in
semiconductor disk lasers

5.1 Introduction

Nonlinear optics describes the behaviour of light in a medium with a nonlinear response.
These phenomena enable the conversion of the fundamental frequencies of lasers into
a broad range of wavelengths. A review of such frequency conversion processes in
SDLs is given at the beginning of this chapter. This is followed by an introduction to
second-harmonic generation (SHG) or frequency-doubling. The concept of SHG is then
extended to intracavity SHG, where the nonlinear crystal is placed inside the laser cav-
ity. The chapter is concluded by a presentition of intracavity frequency-doubled SDLs
emitting at the wavelengths of 650 nm and 785 nm.

5.2 Nonlinear frequency conversion in SDLs

In solid state lasers, intracavity SHG can easily magnify the intensity fluctuations of the
laser due to longitudinal mode coupling via sum-frequency generation (SFG) and spatial
hole burning (SHB) [244, 245]. This phenomenon is called the “green problem”. It
can be severe in gain media with long upper state lifetimes, because they store gain and
allow the intensity fluctuations to grow over several cavity roundtrips [246]. However,
SDLs are essentially free from these instabilities, because they have short upper state

lifetimes that enable instantaneous gain (on the time scale of the optical cavity round-
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trip time) and resonant periodic gain structures that prevent SHB [7,247]. In addition,
SDLs possess much higher intracavity powers at a given pump power than solid state
lasers [6], which enables more efficient SHG. Therefore, SDLs are highly suitable for
intracavity SHG, as also shown in Refs. [248,249].

The most impressive results for frequency-doubled SDLs have been obtained at the
blue-green-yellow wavelengths with GaAs-based structures emitting at 920—1180 nm
[53,250]. However, SDLs have also been used for third harmonic generation at 355
nm [251], fourth harmonic generation at 244 nm [252], THz emission by difference-
frequency generation (DFG) [253,254], visible emission with SFG [255,256] and for
pumping intracavity Raman lasers [257]. SDLs are also very suitable for intracavity
optical parametric oscillators (ICOPO), because their short upper state lifetime makes
them free of relaxation oscillations [258,259]. Such a configuration has been utilized for

generating radiation at wavelengths 3-5 ym [260-263].

5.3 Second-harmonic generation

The purpose of this section is to present an intuitive introduction to SHG. The treatment
is started by considering a plane wave with a frequency ®; and a uniform intensity

distribution. The electric field can now be expressed as
Ei(z,1) = E1(z)e ™" +c.c., (5.1)

where c.c. denotes the complex conjugate. As the field propagates through an anisotropic
dielectric medium, it can displace the electrons in the crystal atoms and induce a net
polarization into the material [264]. The relationship between the applied electric field
and the induced polarization can be expressed by a power series

P(t) =eo(xWE (1) + X PE} + 3B +.. ) =PO(0) + PP (1) + PO (1) +..., (5.2)

where € is the permittivity and the coefficients %" are the n-th order susceptibilities of

the material. For SHG, the essential term is the second order polarization
PP =260 P EE} + gy P E e 0 1 gy P E2 200 (5.3)

where the first term relates to optical rectification. The second term is proportional to the

square of the electric field and can generate radiation at a second-harmonic frequency
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> = 2m;. The third term is the complex conjugate of the second term and therefore
describes the same physical process.
In order to solve the wave equation in the presence of a nonlinear polarization source

term, the second-harmonic field is written as
Er(z,1) = Ex(2)e ™ 4cc. = Az(z)ei(k2z_°’2’) +c.c., (5.4)

where A, varies slowly with the distance z and

_ np@n

ky = (5.5)
C
2

Wy = xi; (5.6)

ny = [g(l)(mz)] vz (5.7)

The corresponding nonlinear polarization source term for the second-harmonic frequency

is given by
'ﬁ(Z) = on(z)Elze_iwzt +c.c. = 280deffA%ei(2klz_m2t) +c.c., (5.8)

where A1 is the slowly varying amplitude of the fundamental frequency. The coefficient
degr 1s the effective nonlinear coefficient that collects together all the relevant contribu-
tions from the tensor element %x(z) and describes the strength of the nonlinear interac-
tion in the material [265]. By substituting equations 5.4 and 5.8 into the wave equation,
applying the slowly varying amplitude approximation and assuming an undepleted fun-
damental field (A =constant), the intensity of the second-harmonic field can be expressed

as [266]

812

AKL
b= (destl1 L)*sinc? (T) , (5.9)

n%nz?u%ceo
where L is the crystal length and /; the intensity of the fundamental field. Equation 5.9
implies that the intensity of the second-harmonic signal grows with the square of the
effective nonlinear coefficient, crystal length and the intensity of the fundamental field.
The sinc?-term in equation 5.9 also implies that the SHG efficiency depends critically
on the phase mismatch Ak=2k-k; between the fundamental and the second-harmonic
waves, as illustrated in Fig. 5.1(a). The most efficient SHG is obtained when Ak=0,
because a constant phase relationship is conserved between the fundamental wave and

the second-harmonic waves that are generated along the crystal. This means that the
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Figure 5.1: Phase matching in SHG.

second-harmonic waves interfere constructively over the length of the crystal and that
the second-harmonic signal accumulates with distance. However, if the phase match-
ing condition is not fulfilled, the second-harmonic waves that are generated at different
points in the nonlinear crystal start to interfere destructively and couple back into the
fundamental wave. In this case, the second-harmonic field oscillates with a period 2L
along the length of the crystal, as illustrated in Fig. 5.1(b). The distance L. is called the
coherence length and is the distance at which the second-harmonic wave reaches its first
maximum. It depends on Ak and is given by [267]
Le=—.
Ak
Phase matching (Ak=0) is not trivially obtained in nonlinear crystals, because the

(5.10)

refractive index depends on the wavelength. Most materials exhibit normal dispersion

with n; < ny, so that

2n1 nyMn 4T

—(nz—nl)#o. (5.11)

Ak = (2ky — ko) = = ==

However, material dispersion can be offset in birefringent crystals, wherein the funda-
mental and the second-harmonic wave can experience the same refractive index if they
have different polarizations. These relative polarization directions of the fundamental
and second-harmonic waves are also be used to categorize the SHG processes into dif-
ferent types. In type I phase matching, the two fundamental waves have the same polar-

ization, and the second-harmonic wave has a polarization orthogonal to the fundamental
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Figure 5.2: Birefringent phase matching in a negative uniaxial crystal.

waves. In type II phase matching, the fundamental waves have orthogonal polarizations,
and the second-harmonic wave has a polarization parallel to one of the fundamental

waves.

The birefringent nonlinear crystals are characterised by the direction(s), in which the
incoming light experiences no birefringence, regardless of its polarization state. Uniax-
ial crystals have one and biaxial crystals two of these optic axes [265]. The treatment
here is limited to uniaxial crystals, where the concept of birefringent phase matching is
most simply described with the ordinary n, and extraordinary n. refractive indices. The
ordinary polarization direction is perpendicular to the plane containing the optic axis
and the wave propagation vector k, while the extraordinary polarization direction is in
the plane containing the wave propagation vector k and the optic axis.

Uniaxial nonlinear crystals can be divided into positive uniaxial (n, < ne) and nega-
tive uniaxial (n, > ne) crystals depending on the relative magnitude of n, and n.. In the
case of normal dispersion (n; < ny), one would choose a negative uniaxial crystal with
the fundamental wave propagating as an ordinary wave and the second-harmonic as an

extraordinary wave. Such a case is illustrated in Figs. 5.2(a) and 5.2(b).

The phase matching angle 0 in critically phase matched (CPM) nonlinear crystals
is defined by the laser frequency (wavelength), because n. depends on the angle 0 that

49



Chapter 5. Frequency conversion in semiconductor disk lasers

Optic axis

/,, n ( )
9
ﬁ(——‘ no(w1)

| e ®)

03
g

ne(w1! e)
(a) Refractive index at the fundamental fre- (b) Phase matching in a negative uniaxial
quency m; for a negative uniaxial crystal. crystal.

Figure 5.3: Refractive index ellipsoids for a negative uniaxial crystal
as adapted from [267].

is shown in Fig. 5.2(a). The dependence of n,(®;) and n.(®;,0) on O is illustrated
in Fig. 5.3(a) for a negative uniaxial crystal. The refractive index circle for n,(;)
is shown again in Fig. 5.3(b), but now the refractive index ellipsoid of the second-
harmonic frequency ne (2, 0) is also included. The refractive indices for the fundamen-
tal and second-harmonic wave coincide at an angle 0, so the phase matching condition
ne(®7,0) = ny(w;) is fulfilled.

The disadvantage of CPM is spatial walk-off since for any direction of phase prop-
agation the direction of energy propagation (Poynting vector) is given by the normal
vector to the surface” of the refractive index ellipsoid [268]. The second-harmonic wave
therefore propagates in a slightly different direction than the fundamental wave, because
the normal of the ordinary refractive index circle is different from the normal of the
extraordinary refractive index ellipsoid. The consequences of spatial walk-off include
elliptic output beams with reduced conversion efficiencies, reduced acceptance angles
and reduced acceptance bandwidths [269].

Spatial walk-off is avoided in noncritically phase matched (NCPM) crystals, because
the angle 0 is chosen to be 90° and the phase matching is achieved by tuning the tem-
perature of the nonlinear crystal. This is possible since ne is often more sensitive to
temperature than n,. This method is also less critical to the angle of the crystal and is
therefore called non-critical phase matching. However, the required temperatures are
often well above room temperature, which can make this method slightly inconvenient.

Finally, phase matching can also be achieved using so called quasi-phase matching,
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where the sign of d¢f is inverted periodically after every L.. Such a procedure allows the

second-harmonic wave to grow cumulatively over the length of the crystal.

5.4 Intracavity second-harmonic generation

This section presents the fundamentals of intracavity SHG and follows the treatment
given for solid state lasers in Refs. [267,270]. Here, the nonlinear crystal is placed
inside the laser cavity, where it acts as a nonlinear output coupler that couples out light
at the second-harmonic frequency. This configuration can provide higher conversion
efficiencies than external SHG, because the intracavity power of the laser is typically
1-2 orders of magnitude higher than the output power. Furthermore, intracavity SHG
allows recirculation of the non-converted portion of the fundamental radiation, so that
only a small fraction of the fundamental intracavity power needs to be converted at each
round-trip for efficient SHG. For instance, for a laser with an optimal output coupler of
4 %, an intracavity conversion efficiency of 4 % corresponds to an external conversion
efficiency of 100 %.

The steady-state condition for intracavity SHG is determined by equating the round-

trip saturated gain with the linear and nonlinear losses

=5+, (5.12)

where g is the unsaturated small-signal round-trip gain, Is the saturation intensity and
0 the linear loss in the laser cavity. The quantity k is the nonlinear coupling coefficient

and is defined as

L =xI} (5.13)
(with perfect phase matching) and given by
8n2d% (1
K= ol ( ]’”C)LZ. (5.14)
nlnlecso Il’ge

Here the factor /lae/ Iz accounts for the different power densities in the gain element
and the nonlinear crystal, since the quantities / nc and I; ge denote the intensity of the
fundamental field in the nonlinear crystal and the gain element, respectively. For a four-
level solid state gain medium, the saturation intensity is given by
Is = G ;
Oem Tt

(5.15)
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where & is Planck’s constant, T¢ the fluorescence or upper state lifetime, and G, the
emission cross section. Such an approximation has been used for SDLs [37], but an
alternative approach has also been presented [271].

In the small-signal regime with negligible intracavity power depletion, the funda-
mental intracavity power and the conversion efficiency grow linearly while the second-
harmonic power grows quadratically with increasing pump power. However, at higher
pump powers the SHG process starts to deplete the fundamental intracavity power and
the laser reaches a saturated regime. Consequently, the growth of the fundamental intra-
cavity power and the conversion efficiency slow down significantly, while the second-
harmonic power grows linearly with increasing pump power [255,272,273].

The maximum second-harmonic power as a function of k¥ can be obtained by differ-
dl

entiating Eq. 5.12 and setting 7:=0, which leads to
)
Kmax = o (5.16)
S

Thus, the optimal magnitude of nonlinearity is proportional to the cavity loss and in-
versely proportional to the saturation intensity. In practice, the optimal nonlinear output
coupling is obtained by varying the spot size of the fundamental field in the nonlinear
crystal [274]. Higher conversion efficiencies are obtainable by increasing the spot size
(or intensity) ratio between the gain element and the nonlinear crystal, as also implied
by Eq. 5.14.

In an ideal case, the linear insertion loss of the nonlinear crystal is small compared to
9, so the optimal output coupling value and the obtainable output power are the same for
the fundamental and second-harmonic radiation [275]. However, the maximum second-
harmonic power can be limited by insertion losses of the nonlinear crystal and losses
from additional optical components such as birefringent filters, etalons and cavity mir-
rors. This issue is particularly critical for low-gain lasers whose performance can be

degraded by even a very small increase in intracavity losses.

5.5 Intracavity second-harmonic generation with
1.3-1.6 ym SDLs

The final section of this chapter covers the results that were obtained with intracavity
SHG using the gain elements presented in sections 4.3.1 and 4.4.1 [P7,P8]. The SDLs
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Figure 5.4: The cavity configuration for second-harmonic generation.

emitted at the wavelengths of 1.3 ym and 1.57 ym and produced second-harmonic out-
puts at 650 nm and 785 nm, respectively. Such frequency-doubled SDLs emitting at
1.3—1.6 um enable convenient access to the wavelength range 650—-800 nm that is not
easily reached with directly emitting SDLs, as already covered in section 2.5. The best
results from directly emitting SDLs in this wavelength range include 1 W at 675 nm
using GalnP QWs [276] and 52 mW at 716-755 nm using InP QDs [277]. The poten-
tial applications of these devices cover a wide range that includes biophotonics [278],
medicine [279], laser projection technology [280], Raman spectroscopy [281,282], and
the replacement of expensive titanium:sapphire lasers [15].

5.5.1 Frequency-doubled SDL at 650 nm

The SDL emitting at 1.3 um was frequency-doubled using a critically phase-matched
(CPM) Type-I 4-mm long BBO crystal. The mode diameter on the BBO crystal was
140 ym and the Rayleigh range 20 mm. The facets of the crystal were AR-coated for
both the fundamental and the second-harmonic signals. The temperature of the gain
element was kept at 7 °C, but the temperature of the BBO crystal was not controlled
due to its wide thermal acceptance bandwidth [283]. A schematic of the laser cavity is
shown in Fig. 5.4, where the second-harmonic output was obtained through mirrors M,
and M3, which were highly transmissive for the second-harmonic signal. The combined
output power characteristic is shown in Fig. 5.5 with a maximum power of about 3 W.

The optical spectra at various pump powers are given in the inset.
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Figure 5.5: The output characteristics of the frequency-doubled SDL

emitting at 650 nm. The optical spectra at various pump powers are

shown in the inset.

5.5.2 Frequency-doubled SDL at 785 nm

The SDL emitting at 1.57 um was frequency-doubled using a CPM Type-I 6-mm long
LBO crystal. The mode diameter at the LBO crystal was 140 um and the Rayleigh
range 20 mm. The facets of the crystal were AR coated for both the fundamental and
the second-harmonic signals. The temperature of the gain element was kept at 15 °C,
whereas the temperature of the LBO crystal was kept at 25 °C to preserve the phase
matching condition in the crystal [284]. A schematic of the laser cavity is shown in
Fig. 5.4, where the second-harmonic output was obtained solely through mirror M,
because M3 was highly reflective for the second-harmonic signal. The output power
characteristics are shown in Fig. 5.6 with a maximum output power of 1 W. The optical
spectra at various pump powers are given in the inset.

The shape of the output characteristic resembles a laser with a relatively low conver-
sion efficiency, in which the intracavity power grows linearly and the second-harmonic
signal quadratically with pump power [285,286]. This behavior was most likely due to
two factors. First, the conversion efficiency in the LBO crystal is quite low, which im-
plies low intracavity power depletion and therefore quadratic dependence between the
pump power and the second-harmonic power. Second, the fundamental SDL wavelength

shifted several nm with pump power, but the LBO crystal was aligned for maximum
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Figure 5.6: The output characteristics of the frequency-doubled 785
nm SDL. The optical spectra at various pump powers are shown in the
inset.

frequency-doubled output power. Consequently, the LBO crystal was most likely phase-
matched only at the longer wavelengths with higher pump powers. This problem could
not be alleviated by forcing the laser to operate at the maximum SHG wavelength using
birefringent filters and etalons, because they introduced excess losses which reduced the
output power.
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Chapter 6
Conclusion

This thesis covers issues related to semiconductor disk lasers with an emphasis on flip-
chip bonding, semiconductor-dielectric-metal compound mirrors, the integration of GaAs-
based DBRs onto InP-based active regions, single-frequency operation and intracavity
second-harmonic generation. The first three issues relate to the SDL gain element pro-
cessing, while the latter two issues relate to the SDL cavity configuration. The main

achievements are summarized below.

* Gold-gold thermocompression bonding was demonstrated for flip-chip SDLs emit-
ting at 1 ym. The thin Au bonding layer was shown to provide high thermal con-
ductance between the SDL gain element and the CVD diamond heat spreader,
which enabled 45-50 % higher output powers than conventional bonding with in-
dium. Therefore, the bonding procedure provides a step towards an ideal flip-
chip SDL, where the bottom of the gain element is in direct contact with the heat
spreader.

* The DBR reflectivity was enhanced by placing a thin Al,O3 dielectric layer be-
tween the semiconductor DBR and the highly reflecting Al metallization layer.
The design enabled 30 % thinner DBRs than the conventional design, where the
DBR is finished with a highly reflecting Au layer. The thin Al,O3 layer was also
shown to introduce a negligible contribution to the thermal resistance of the SDL.
The validity of the design was demonstrated with SDLs emitting at 1.05 yum. How-
ever, the biggest benefits are expected for flip-chip SDLs emitting beyond 1 um,
because the DBR thickness increases with wavelength.

* Three procedures for bonding GaAs-based DBRs onto InP-based active regions
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6. Conclusion

were presented. Such integration is essential for SDLs emitting in the 1.3—-1.6 um
wavelength range, because InP-based materials lack the appropriate compounds
for the DBR section while GaAs-based materials lack the appropriate compounds
for the gain section. The bonding methods comprised wafer fusion at 650 °C,
intermediate layer bonding with SiO; layers at 200 °C, and intermediate layer
bonding with a monolayer of (3-Mercaptopropyl)tri-methoxysilane (MPTMS) at
200 °C. The three methods enabled multi-watt output powers in the 1.3-1.6 um
wavelength range. In particular, output powers over 6 W were demonstrated with
wafer-fused SDLs emitting at 1.3 um in the intracavity diamond configuration and
in the flip-chip configuration. The results also included 4.6 W of output power at
1.58 um in the intracavity diamond configuration.

A single-frequency SDL was demonstrated at 1.05 ym using a GaAs-based flip-
chip structure. The output power reached 4.6 W and the coherence length was
> 1.7 km in optical fiber. Single-frequency operation was also demonstrated with
a wafer-fused SDL emitting at 1.56 ym in the intracavity diamond configuration.
In this case, the output power reached 1 W and the coherence length was > 5 km
in optical fiber. Such a combination of high output power and narrow linewidth is
particularly interesting for light detection and ranging, free space communications
and high resolution spectroscopy.

Second-harmonic generation was demonstrated with wafer-fused SDLs emitting
at 1.3 ym and 1.57 ym in the intracavity diamond configuration. The output pow-
ers reached 3 W at 650 nm and 1 W at 785 nm. These frequency-doubled SDLs
avoid the drawbacks associated with directly emitting SDLs in the 650-800 nm
wavelength range. These drawbacks include low carrier confinement in the quan-
tum wells which leads to high temperature sensitivity, DBR layers with relatively
low refractive index contrast and low thermal conductivity, and the requirement

for pump lasers emitting in the visible wavelength range.

Finally, the work in this thesis can be considered a step towards high-brightness flip-

chip SDLs emitting in the wavelength range 1.25—1.7 um. Such progress would avoid the

drawbacks of intracavity diamonds, mimic the impressive evolution of flip-chip SDLs

emitting in the 1 ym wavelength region, and enable high-brightness light sources in the

wavelength range 625-850 nm. Moreover, the emission wavelength of these devices

could be tailored to match the desired application simply by altering the composition of

the gain material.
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