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Abstract

The objective of this thesis is the development of a reliable and intense green
picosecond laser source for fluorescence lifetime spectroscopy. This versatile
method from the life sciences requires excitation laser pulses with a duration
of less than 200 ps and a pulse energy of around 100 pJ. In order to adjust
the pulse interval to the fluorescence lifetime or for interleaving of excitation
pulses at different wavelengths, pulses are required on-demand and at variable
repetition rates in the megahertz range.

In the red and blue spectral range, such pulses can be readily generated
by gain switching of single ridge-waveguide laser diodes. Green excitation
sources are equally required, but directly green emitting laser diodes so far
exist only as laboratory samples with limited lifetime. Therefore, second
harmonic generation (SHG) is the method of choice for the generation of
green picosecond pulses. As the fundamental beam, this requires spectrally
narrow infrared laser pulses with a peak power of several watts.

This thesis consists of three parts. The first part studies the generation of
spectrally narrow picosecond pulses by gain switching of distributed-feedback
(DFB) laser diodes. The second part treats the amplification of these laser
pulses, while the third part is concerned with the generation of green picosec-
ond pulses using SHG.

As a first step toward the development of a compact and flexible green pulse
source, the gain switching behavior of infrared ridge-waveguide distributed-
feedback laser diodes is studied. When tuning the wavelength of the gain
maximum by changing the device temperature, the same laser shows qualita-
tively different dynamic spectral behavior. If the Bragg wavelength is longer
than the wavelength of the gain maximum, laser emission begins with a broad
multimode spectrum during the first relaxation oscillation. An increase of
the device temperature improves the overlap of the Bragg wavelength and
the gain spectrum and allows the generation of spectrally narrow picosecond
pulses which are excellently suited for SHG.

A temperature- and wavelength-dependent rate-equation model for the
mode-competition in DFB lasers is developed which achieves excellent agree-
ment with these observations. A systematic optimization of laser diode design
parameters shows that the generation of spectrally narrow high-power pi-
cosecond pulses requires a trade-off regarding the coupling coefficient: While
a dynamic single-mode spectrum needs a high DFB coupling coefficient, this
leads to reduced out-coupling and in turn to a lower pulse peak power. Close
to the optimum, pulses with a peak power above 1 W and more than 95% of
the pulse energy emitted at the Bragg wavelength are generated.
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above 15 W are studied. Semiconductor amplifiers show the highest potential
for miniaturization, and due to their short upper-state lifetime of approxi-
mately 1 ns, their gain is independent of the seed pulse repetition rate. In
contrast, Ytterbium-doped fiber amplifiers are scalable to higher total powers
but typically show a repetition-rate dependent gain.

Two concepts of miniaturization are compared, a hybrid integrated semi-
conductor master-oscillator power amplifier (MOPA) and a monolithic semi-
conductor MOPA for the generation of picosecond pulses, both with a foot-
print of less than 5×25 mm2. Compared to continuous wave operation, the
suppression of parasitic amplifier lasing is critical in these devices.

Using the semiconductor MOPAs as the fundamental source, the second
harmonic generation of green picosecond pulses is studied. Both with a
bench-top and a monolithic fundamental source, pulse energies above 250 pJ
at 531 nm have been obtained. Due to pulse shaping both during amplifi-
cation and during SHG, the green pulse shape is nearly independent of the
seed input signal. The deconvoluted peak power of 10 W exceeds previous
realizations by more than an order of magnitude. The high pulse energy com-
bined with their excellent extinction ratio makes these pulses ideally suited
for fluorescence lifetime spectroscopy.

ii
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Zusammenfassung

Die Zielstellung dieser Doktorarbeit besteht in der Entwicklung einer zu-
verlässigen und intensiven grünen Pikosekunden-Laserquelle für die Fluo-
reszenz-Lebensdauer-Spektroskopie. Diese vielseitige Messmethode aus den
Lebenswissenschaften benötigt zur Anregung Laserpulse mit einer Länge von
unter 200 ps und einer Pulsenergie um 100 pJ. Um die Pulsintervalle an die
Fluoreszenz-Lebensdauer anzupassen oder abwechselnd Anregungspulse bei
verschiedenen Wellenlängen zu verwenden, müssen diese auf ein Auslösungs-
signal hin kontrolliert erzeugt werden. Typische Wiederholraten sind im
Megahertz-Bereich.

Im roten und blauen Spektralbereich können solche Pulse leicht durch
die Gewinnschaltung einzelner Rippenwellenleiter-Laserdioden erzeugt wer-
den. Grüne Anregungspulse werden ebenso benötigt, aber direkt grün emit-
tierende Laserdioden existieren bislang nur als Labormuster mit begrenzter
Lebensdauer. Daher ist Frequenzverdopplung (second harmonic generation,
SHG) die Methode der Wahl für die Erzeugung grüner Pikosekundenpulse.
Als fundamentalen Strahl benötigt man dafür infrarote Laserpulse mit einer
Spitzenleistung von einigen Watt.

Die vorliegende Doktorarbeit gliedert sich in drei Teile. Der erste Teil
befasst sich mit der Erzeugung von spektral schmalbandigen Pikosekunden-
pulsen durch die Gewinnschaltung von Laserdioden mit verteilter Rückkopp-
lung (distributed feedback, DFB). Im zweiten Teil werden diese Laserpulse op-
tisch verstärkt, der dritte Teil behandelt die Erzeugung von grünen Pikosekun-
denpulsen durch SHG.

Als ersten Schritt der Entwicklung einer kompakten und flexiblen grünen
Pulsquelle wird die Gewinnschaltung von infraroten DFB Laserdioden mit
Rippenwellenleiter untersucht. Wenn der Laser erwärmt wird, ändert sich
die Wellenlänge des Gewinnmaximums und es zeigen sich qualitative Un-
terschiede in der spektralen Dynamik des selben Lasers. Wenn die Bragg-
Wellenlänge länger ist als die Wellenlänge des Gewinnmaximums, beginnt die
Laser-Emission während des ersten Relaxationspulses spektral breitbandig.
Eine Erhöhung der Temperatur verbessert den Überlapp zwischen der Bragg-
Wellenlänge und dem Gewinn-Spektrum und ermöglicht die Erzeugung spek-
tral schmalbandiger Pikosekunden-Pulse, die hervorragend für die Frequenz-
verdopplung geeignet sind.

Ein temperatur- und wellenlängenabhängiges Ratengleichungs-Modell für
den Modenwettbewerb in DFB-Lasern wird entwickelt, das eine hervorra-
gende Übereinstimmung mit diesen Beobachtungen erreicht. Eine systemati-
sche Optimierung des Laserdioden-Designs zeigt, dass die Erzeugung spektral
schmalbandiger Pikosekundenpulse mit hoher Spitzenleistung einen Kompro-
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miss erfordert: Während ein hoher DFB-Koppelkoeffizient nötig ist, um ein
dynamisch einmodiges Spektrum zu gewährleisten, führt er gleichzeitig zu ver-
minderter Auskopplung und damit zu einer geringeren Pulsspitzenleistung.
Nahe am Optimum werden Pulse mit einer Spitzenleistung von über 1 W
erzeugt, die mehr als 95% der Energie in der Bragg-Mode abstrahlen.

Verschiedene Technologien zur Verstärkung dieser Pulse auf Spitzenleistun-
gen über 15 W werden untersucht. Optische Halbleiterverstärker haben das
höchste Potential für die Miniaturisierung und ihr Gewinn ist unabhängig
von der Signal-Wiederholrate, da sie eine sehr geringe Inversionslebensdauer
von ca. 1 ns haben. Im Gegensatz dazu sind Ytterbium-dotierte Faserver-
stärker zu höheren Leistungen skalierbar, aber ihr Gewinn hängt von der
Signal-Wiederholrate ab.

Zwei Konzepte zur Miniaturisierung des Laser-Verstärker-Systems (master
oscillator-power amplifier, MOPA) werden untersucht, ein hybrid integrierter
und ein monolithischer MOPA für die Erzeugung von Pikosekundenpulsen.
Beide haben eine Grundfläche von weniger als 5×25 mm2. Verglichen mit dem
Dauerstrichbetrieb ist die Unterdrückung von parasitärem Lasen des Verstär-
kers bei diesen Bauteilen entscheidend.

Ausgehend von den Halbleiter-MOPAs als Fundamentalquelle wurde die
Erzeugung von grünen Pikosekundenpulsen durch Frequenzverdopplung un-
tersucht. Sowohl mit einem Laboraufbau auf einem optischen Tisch, als auch
mit einem monolithischen MOPA wurden Pulsenergien über 250 pJ bei 531 nm
erreicht. Durch Verbesserungen der Pulsform bei der Verstärkung und der Fre-
quenzverdopplung ist die grüne Pulsform fast unabhängig vom Eingangssignal
des Verstärkers. Die entfaltete Spitzenleistung von 10 W übertrifft vorherige
Ergebnisse um mehr als eine Größenordnung. Durch ihre hohe Energie und
ihr exzellentes Auslöschungsverhältnis sind diese Pulse hervorragend für die
Fluoreszenzspektroskopie geeignet.
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Chapter 1

Introduction

When Theodore Maiman demonstrated the first laser in 1960 [1], the device
was famously called ”a solution looking for a problem“ by his assistant Irnee
D’Haenens. Since then, lasers have been developed at a multitude of wave-
lengths and power levels, and plenty of applications have been found, each
requiring specific laser parameters. Often, the improvements of laser sources
and applications have gone hand in hand, and the development of tailored
light sources is an important direction of industrial and academic research
even today.

The requirements of different applications vary greatly. Material process-
ing, for example, demands high power density at low thermal load – this is
typically realized via pulsed laser sources with a peak power of at least sev-
eral kilowatts and a low duty cycle. A high beam quality is required in order
to achieve a tight focus on the work piece [2]. Telecommunications, on the
other hand, works with low average powers in the milliwatt range, but the
transmission of ever increasing data rates requires lasers with stable and nar-
row wavelength spectra and very high modulation frequencies [3]. Another
important application of lasers is in analysis and sensing. This encompasses
a variety of methods, such as evanescent sensing of trace gasses [4] or the
measurement of velocities, for example in road traffic [5].

The goal of this thesis is in the development of a pulsed laser source for
time-domain fluorescence lifetime spectroscopy [6, 7]. In this method, a pi-
cosecond pulsed laser is used to excite fluorescence in biological samples. In
combination with a fast and sensitive single photon counting system, this
allows the measurement of the fluorescence decay lifetime, which is on the
order of a few nanoseconds. For many fluorophores, this lifetime depends on
properties of the molecule’s environment, such as pH-value or Na2+ concen-
tration [8]. In general, fluorescence lifetime spectroscopy allows the real-time
monitoring of biological processes in living cells.

In order to add spatial resolution, the excitation light is often directed onto
the sample through a confocal microscope, which at the same time is used to
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Chapter 1 Introduction

Figure 1.1: a) Confocal fluorescence microscope setup. b) Fluorescence inten-
sity image and c) fluorescence lifetime image of a daisy pollen. The chloro-
plasts are visible only in the lifetime image (red) but not in the intensity
image. Fluorescence images courtesy of PicoQuant GmbH.

collect the fluorescence signal (Fig. 1.1 a). A two-dimensional fluorescence
lifetime image can be generated by scanning the probe relative to the beam.
Compared to light microscopy or fluorescence intensity microscopy using con-
tinuous excitation, fluorescence lifetime imaging microscopy (FLIM) offers
enhanced image contrast and the possibility to directly measure biological
parameters [6] (Fig. 1.1 b and c).

A related method, Förster resonant energy transfer (FRET) involves en-
ergy transfer between two fluorophores. This enables the measurement of
distances between single molecules on the nanometer scale, and thus allows
the monitoring of molecular interactions [9]. It has been applied, for example,
in order to determine the molecular mechanism of muscle contraction [10].

For optimum fluorescence lifetime measurements, the excitation pulse
length has to be much shorter than the fluorescence decay time, typically be-
low 200 ps, while the pulse intervals have to be much larger. In order to adjust
the repetition rate to different lifetimes and to avoid damaging the sample by
excessive illumination, variable excitation pulse repetition rates in the mega-
hertz range are preferred [7]. For advanced methods, like pulse-interleaved
excitation [11], freely triggerable excitation pulses are needed. Required pulse
energies are between 20 and 100 pJ.
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citation pulses, a high extinction ratio of typically above 40 dB is required in
order to remain below the dark count rate of the detector.

Laser pulses meeting these specifications can be readily provided in the red
and blue spectral range using single gain switched laser diodes [12]. However,
so far, no systematic study of the parameter-dependence of the gain switching
behavior exists, especially for narrow-linewidth laser diodes. Furthermore, the
generation of green picosecond pulses requires a more complex setup, including
the frequency-doubling of a gain switched infrared laser diode.

In this thesis, the gain switching behavior of single distributed feedback
lasers is studied and the laser diode design is optimized for the generation of
particularly intense narrow-band picosecond pulses. In a second step, these
will be optically amplified and converted into the green spectral range. Dif-
ferent technologies and miniaturized setups are evaluated. The peak power of
the resulting green picosecond pulses surpasses that of previous realizations
with flexible repetition rate by an order of magnitude.

3
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Chapter 2

Gain-Switching of Distributed

Feedback Laser Diodes

2.1 Distributed Feedback Lasers

In comparison to other lasers, diode lasers are distinguished by their compact
size, high efficiency, and robustness. They can be economically mass-produced
and are maintenance-free. Therefore, laser diodes are ubiquitous in modern
information technology, for example in optical drives and optical data trans-
mission. Increasingly, they also find application where higher output powers
are required, for instance in material processing or as pump sources for solid-
state lasers.

Lasers with narrow and stable emission spectra are utilized in fields as di-
verse as spectroscopy, atom cooling, telecommunications and nonlinear wave-
length conversion. In Raman spectroscopy, for example, a narrow-linewidth
laser is needed in order to distinguish the weak Raman signal from the scat-
tered excitation light [13]. In telecommunications, wavelength division multi-
plexing and wavelength conversion require narrow-band signals [14].

This section gives an introduction into the function and processing of laser
diodes with a focus on lasers with integrated optical gratings for emission at
a single longitudinal mode.

2.1.1 Fundamentals of Laser Diodes

2.1.1.1 Optical Gain in Semiconductor Structures

Since the demonstration of the first laser diode consisting of a p-n monojunc-
tion in 1962 [15], semiconductor optoelectronics has advanced enormously.
The first laser diodes had very low efficiency and were limited to pulsed op-
eration at cryogenic temperatures due to heat dissipation problems. Today,
modern quantum well diode lasers have the smallest size (only a few cubic
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Chapter 2 Gain-Switching of Distributed Feedback Lasers

Figure 2.1: Electron energy and occupation in the active zone of a laser diode.
a) p-n-monojunction, b) double-heterostructure, c) triple quantum well layout

millimeters including housing), highest efficiency (above 50%), and longest
lifetime of all lasers.

In a semiconductor laser, optical gain is generated by recombination of
electrons in the conduction band with holes in the valence band. Therefore,
all laser diodes consist of direct bandgap semiconductors, in order to enable
efficient recombination. Positive gain develops in an active region, where there
is a large occupation probability for both the electrons in the conduction band
and the holes in the valence band.

In the simplest case of a p-n monojunction, this inversion condition is ful-
filled at high forward bias (Fig. 2.1a). While across an unbiased p-n junction,
the Fermi energy EF is constant, a forward bias reduces the band bending
and causes the Fermi level to split up into different quasi-Fermi levels EFc

and EFv for the conduction and valence bands [16]. When the bias volt-
age approximately equals the inbuilt voltage, the depletion zone disappears
and an inversion region forms, where both electrons and holes are majority
carriers [17].

A drastic improvement in semiconductor laser performance was achieved
with the introduction of the double heterostructure [17, 18] (Fig. 2.1b). It
enables higher electron and hole densities and therefore higher recombination
efficiencies. In a double-heterostructure laser, an intrinsic material with lower
bandgap is inserted between the p- and n-doped regions.

A further increase in laser efficiency and output power can be achieved using
an active region containing a quantum well (QW) structure [19] (Fig. 2.1c).
Here, the layers of the low-bandgap material are so thin that the momentum
of electrons and holes becomes quantized in the direction perpendicular to
the quantum well layer. The required layer thickness for this charge carrier
confinement is typically between 5 and 20 nm. Such thin layers can be grown
with considerable lattice mismatch, extending the feasible wavelength range.
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Figure 2.2: Density of states, occupation probability, and resulting carrier
density in the conduction band for a) a bulk semiconductor and b) a quantum
well. All energies are normalized to the band-gap energy.

The strain introduced by the lattice mismatch is also used as an engineering
parameter to further improve the laser performance [20–22].

The momentum quantization in a QW qualitatively changes the density of
states compared to a bulk semiconductor device [22,23] (Fig. 2.2). While in a
bulk device, the density of states shows a square-root dependence on energy,
it is constant for a quantum well, as long as only the lowest energy level is
occupied. The optical gain g is proportional to the product of the density of
states ρ and the inversion probability [24]

g ∼ ρ
{
fe(E) fh(E) −

(
1 − fe(E)

)(
1 − fh(E)

)}
,

where fe and fh are the Fermi functions for electrons and holes, respectively.
Therefore, the density of states directly influences the gain spectrum. Quan-
tum well lasers achieve a higher peak gain with reduced sensitivity on tem-
perature than bulk diode lasers. The quantum well gain, however, increases
only logarithmically with the carrier density, while in bulk devices, that de-
pendence is linear [24].

2.1.1.2 Optical Confinement and Resonator Design

In the framework of complex electrical field amplitudes, refractive index and
gain can be understood as the real and imaginary parts of the electrical per-
mittivity, respectively. According to the Kramers-Kronig relation, the refrac-
tive index of a semiconductor thus depends on the carrier density [22, 25].
Therefore, in a laser diode, the refractive index is locally increased in the
active zone. This gain guiding [18,26] naturally leads to optical confinement.
However, due to the narrow active zone, the guided mode necessarily has
a small mode area. The resulting high power densities limit the achievable
output power before material damage occurs.

7



Chapter 2 Gain-Switching of Distributed Feedback Lasers

Figure 2.3: View of a QW laser diode along the
optical axis. In vertical direction, optical confine-
ment is provided by a graded index separate con-
finement heterostructure (GRINSCH), in lateral
direction, a ridge waveguide is implemented

In order to spread out the optical field while keeping the carriers confined
to a narrow structure, a separate confinement heterostructure (SCH) [18, 26]
(Fig. 2.3) can be formed by high-refractive index layers surrounding the
active zone. This method is called index guiding and is particularly useful in
quantum well lasers with their narrow active region.

In the lateral direction, both gain and index guiding are utilized in modern
lasers. In broad-area [26] and tapered lasers [27], gain guiding dominates and
the lateral dimension of the laser diode is defined by the shape of the metal
pump contact.

For a waveguide with only a single lateral mode, the lateral width must not
exceed a few micrometers. Due to current spreading, this cannot be achieved
with gain guiding alone and a further index contrast is required. It is usually
implemented via a ridge waveguide (RW) [18,28] (Fig. 2.3). Even though the
ridge trenches typically do not cut into the vertical waveguide, they influence
the evanescent waves. The presence or absence of semiconductor material
above the waveguide therefore alters the effective refractive index inside the
waveguide, leading to lateral confinement.

Laser action requires not only a good overlap of the optical mode and the
gain medium but also optical feedback. In a monolithic laser diode, suffi-
cient reflectivity (R ≈ 30%) can be provided by the cleaved facets of the
semiconductor device. In modern high-power laser diodes, however, the facet
reflectivities are typically optimized using dielectric coatings with a high re-
flectivity at the rear facet and a low reflectivity (down to 1%) at the front facet.
Furthermore, the facets are passivated to protect them from optical damage
and degradation [26,29]. This setup with two plane parallel resonator mirrors
is called a Fabry-Pérot (FP) resonator [18].

2.1.2 Bragg Gratings for Spectral Selectivity

The mirrors of a Fabry-Pérot cavity typically have a constant reflectivity
over a fairly wide spectral range. Combined with the broad gain spectrum
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Figure 2.4: Schematic layout of a) an external cavity laser, b) a distributed
Bragg-reflector (DBR) laser and c) a distributed feedback (DFB) laser viewed
from the lateral direction.

of a diode laser [24], this leads to very similar lasing thresholds for multiple
longitudinal resonator modes. This compromises the spectral quality: In
high power devices, gain inhomogeneities can lead to multimode lasing [28].
Even at low output power, mode jumps appear when the pump current is
ramped up [18,30]. In order to select a single longitudinal mode, cavity losses
have to be made wavelength sensitive. This is typically implemented via
an optical grating providing wavelength-selective feedback according to the
Bragg condition [31, 32].

Using a generic diode laser, a grating can be introduced as an external
cavity mirror, for example in the Littrow configuration [33] (Fig. 2.4a). Such
a setup can even be wavelength-tunable when the grating is rotated. If fiber-
coupled output is desired, a fiber Bragg grating can be used for frequency
stabilization without extra effort [34]. However, external cavity lasers require
high mechanical stability and have a longer resonator than monolithic devices.
This is problematic for the generation of short narrow-band pulses, since the
grating can only act on the spectrum over multiple resonator roundtrips. For
example, if the cavity has a length of 2 cm, the roundtrip time is more than
100 ps. If shorter pulses are generated in such a cavity, their spectrum cannot
be influenced by the grating, and they will be spectrally broad.

However, wavelength stabilization of short pulses with an external grating
is possible when the repetition rate is fixed to the cavity roundtrip time and
subsequent pulses overlap in the gain medium [35].

In order to avoid these disadvantages, Bragg gratings can be monolithically
integrated into edge-emitting laser diodes. In a distributed Bragg-reflector
(DBR) [36–38] laser, the grating is separate from the gain section and acts as
a passive resonator mirror (Fig: 2.4b). Therefore, the grating section does not
require an electrical contact for pumping. This enables the implementation
of the grating by surface etching, in the same process step as the etching of
the ridge waveguide. Since the index contrast between air and semiconductor
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Figure 2.5: Starting from an arbitrary point
in the center of a DFB laser (dotted vertical
line), reflections from the left-hand half and
the right-hand half of the grating destructively
interfere at the Bragg wavelength. This leads
to the formation of a spectral stopband.

is high, relatively short gratings provide a high reflectivity [36, 37]. With i-
line stepper lithography, a minimum feature size of 480 nm can be achieved.
At a lasing wavelength around 1060 nm, only gratings of order five or higher
can be implemented. At such high grating orders, etch depth and duty cycle
have to be fabricated to a very high precision in order to achieve a high total
reflectivity [36,38]. The maximum reflectivity of a distributed Bragg reflector
is located at the Bragg wavelength λB [39].

On the other hand, in a distributed feedback (DFB) laser, the Bragg grating
covers the whole resonator length and consequently needs to be electrically
pumped (Fig. 2.4c). Therefore, the Bragg grating is typically buried in-
between epitaxy layers or placed on the side of the ridge waveguide. Since both
cavity mirrors are formed by the same Bragg grating, the counter-propagating
waves interfere destructively exactly at the Bragg wavelength, and the reflec-
tivity is at a minimum [40] (Fig. 2.5). This spectral feature is called the
stopband of the DFB laser, and the highest reflectivity is found at adjacent
wavelengths.

The precise wavelength dependence of the reflectivity is sensitively affected
by the facet reflectivities RL and RR and the grating phases ϕL and ϕR at the
facets. If the facets are perfectly anti-reflecting, the two modes on either side
of the stopband experience the same reflectivity, compromising the spectral
selectivity of the laser. However, in real devices, RL and RR are finite, and
the back facet typically is highly reflective. The shape of the stop band then
mainly depends on the grating phase ϕR at the back facet, and generally, one
preferred mode develops [41–43] (Fig. 2.6).

The occurrence of a stopband and the associated equal modes can be
avoided altogether if a defect is introduced into the Bragg grating at the
center of the laser resonator. The most common such layout is the quarter
wave shifted grating [40, 43, 44]. It selects a single mode independent of the
grating phases at the facets, but fabrication is much more complicated and
time-consuming than for a homogeneous Bragg grating. While the latter can
be written holographically [45], quarter-wave-shifted gratings are typically
written with an electron beam, which has a low throughput volume.
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Figure 2.6: Simulated DFB laser spectra below threshold including spectral
stop-bands for RL = 0, RR = 0.95, ϕL = 0. For ϕR = 1.5 π, the modes on
either side of the stopband have equal intensity. For all other values of ϕR,
one mode is preferred.

Another engineering parameter is the grating order q, defined as

q

2

λB

n
= Λ,

where Λ is the grating period and n the effective refractive index. Higher-order
gratings can reach reflectivities similar to first-order gratings and are easier
to manufacture due to their longer grating period. However, higher-order
gratings introduce a coupling between guided modes and radiation modes
which leads to radiative photon loss (Sec. 2.3.1.1). The strength of this loss
increases with the grating coupling constant κ.

2.1.3 Device Layout and Processing

The DFB lasers discussed in this thesis were grown by metal-organic vapor
phase epitaxy (MOVPE) [46–48] on a precisely aligned GaAs (100) substrate.
The active region consists of three compressively strained InGaAs quantum
wells (QWs) embedded in a 3.6�m thick super-large optical cavity waveguide
[47] consisting of AlGaAs.

First, a buffer layer of GaAs is grown on the bare wafer. This is followed by
an AlGaAs cladding layer and the 1800 nm thick AlGaAs n-waveguide with
a graded refractive index (GRIN) profile. The InGaAs quantum wells are
separated by GaAsP barriers and covered by the first part of the p-waveguide,
consisting of 600 nm of AlGaAs [49] (Fig. 2.7.1).

Due to the high affinity of aluminum to oxygen, an aluminum containing
surface exposed to air can hardly be overgrown in a conventional MOVPE
reactor [42]. Therefore, the Bragg grating is formed in an aluminum-free
InGaP – GaAs – InGaP layer sequence. The second-order grating with a
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Figure 2.7: Schematic of processing steps of a DFB laser.

Figure 2.8: Scanning electron microscopy image of a second-order DFB Bragg
grating for 1060 nm

12



2.1 Distributed Feedback Lasers

period of approximately 330 nm is formed by holographic photolithography in
the Lloyd setup [45, 47] and wet-chemical etching [50, 51] (Fig. 2.7.2–3 and
2.8). Due to the three different epitaxial layers, a three-step etching-process
is required.

In a second epitaxy step, the remainder of the AlGaAs p-waveguide as well
as the cladding and contact layers are grown (Fig. 2.7.4).

Since the Bragg grating is located in the p-waveguide well away from the
quantum wells, index coupling is realized. The grating introduces a variation
of the real refractive index only, with only weak modulation of gain or loss.

Lateral optical confinement is provided by a 2.2�m wide ridge-waveguide
(RW) fabricated by reactive ion etching (RIE) [36, 52] (Fig. 2.7.5–6). In
order to restrict current flow to the ridge-waveguide, the wafer is covered in
insulating SiN, which is selectively removed on the top of the RW by RIE
(Fig. 2.7.7). Subsequently, a Ti/Pt/Au layer is applied as the p-electrode,
covered by a thick gold layer (Fig. 2.7.8). Finally, the wafer is thinned and the
n-electrode (Ni/Ge/Au) and a reinforcement layer (Ti/Pt/Au) are applied to
the back side.

The lasers were cleaved to a cavity length of 1.5 mm. The front and rear
facets were passivated with ZnSe and coated for zero and high reflectivity,
respectively [26, 29].

2.1.4 Continuous-Wave Characteristics

In continuous-wave (CW) operation, DFB RW lasers show excellent perfor-
mance regarding narrow linewidth, good beam quality, and high output power.
A linewidth of 3.6 kHz at 55 mW has been reported with a corrugation-pitch
modulated DFB laser [53]. With a homogeneous DFB laser, an intrinsic
linewidth of 22 kHz at 150 mW was measured [54].

An output power of 970 mW has been reached with a 3 mm long device at
980 nm, with kink-free power-current (PI) characteristics up to 700 mW [55].
The beam quality [56] typically is nearly diffraction limited with M2 < 1.5
(second moments) in both lateral and vertical direction [57].

In this work, PI-characteristics were measured with a Ulbricht integrating
sphere and a Newport 818-SL Silicon photodetector. The accuracy is approxi-
mately ±10%, precision is higher at ±3%. Wavelength spectra were measured
with an Advantest Q8384 spectrometer with a resolution of 10 pm.

The DFB single emitters investigated in this thesis have been manufactured
at Ferdinand-Braun Institute on wafers C1336-6-3 and C1340-6-3. For both
laser types, example PI-characteristics and CW spectra are shown in Fig. 2.9.
The laser types mainly differ in the Bragg coupling coefficient κ, with κ ≈
0.9 cm−1 for wafer C1336-6-3 and κ ≈ 2.2 cm−1 for wafer C1340-6-3. Since the
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Figure 2.9: Example CW PI-characteristics and spectra of the lasers used in
this work. T=25◦C, spectra at I =100 mA

Wafer C1336-6-3 C1340-6-3 C1336-6-3 C1340-6-3

Geometry Reflectivities
Length 1.5 mm RL 10−4

RW width 2.2�m RR 0.95
Quantum wells 3 κ 0.9 cm−1 2.2 cm−1

Thickness 8 nm each λB 1065.05 nm 1060.99 nm
Vert. waveguide 2.4�m

Gain and Loss CW Characteristics
Modal gain 830 cm−1 700 cm−1 Ith 53.2 mA 44.7 mA
Internal loss 11 cm−1 13 cm−1 m 0.77 W/A 0.61 W/A

Table 2.1: Parameters of DFB single emitters at 330 K and threshold carrier
density

gratings are of second order, a higher coupling also introduces higher radiative
losses. This explains the observed PI-characteristics: At 300 K, lasers from
wafer C1336-6-3 have a higher threshold current (Ith = (53.2 ± 1.6)mA) and
a higher slope (m = (0.77 ± 0.02)W/A) than lasers from wafer C1340-6-3
(Ith = (44.7 ± 1.5)mA, m = (0.61 ± 0.04) W/A). All measurements were
averaged over at least four devices.

Lasers from both wafers show a clean single-mode spectrum in CW oper-
ation with a side-mode suppression ratio (SMSR) greater than 40 dB. In the
spectrum of laser C1336-6-3 020411, the residual Fabry-Pérot modes are visi-
ble in the spectral background. These are more strongly suppressed in lasers
from wafer C1340-6-3 due to the stronger grating reflectivity. For an overview
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of the CW properties at 300 K and design parameters of both laser types, see
Tab. 2.1. For the determination of modal gain and internal losses see Sec.
2.3.2 and 2.4.1, respectively.

To summarize, distributed-feedback laser diodes are compact, robust and
economical light sources with excellent beam characteristics. Ultra-narrow
linewidth and CW emission close to 1 W have been demonstrated at nearly
diffraction limited beam quality. Spectral selectivity is achieved via a Bragg
grating which covers the whole resonator length. In manufacture, this requires
multiple etching steps and two epitaxy runs.
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2.2 Gain Switching

In recent years, picosecond light sources have found a diversity of applica-
tions in fields like material processing [58–60], remote sensing, and fluores-
cence spectroscopy [61–63]. Particularly the compact and economical light
sources based on gain switched diode lasers have increased the popularity
of picosecond pulses as a versatile analysis tool [12]. In contrast to other
pulse generation methods, gain switched pulses can be generated at arbitrary
repetition rates or on demand, as required for several applications. For ex-
ample, pulse bursts allow for superior cut edges in material processing [64],
while adjustable repetition rates help to avoid photo bleaching in fluorescence
spectroscopy [61].

2.2.1 Basic Principle

Solid-state lasers and most diode lasers operate in class B regime, in which the
upper-state lifetime is longer than the cavity damping time. When such a laser
is disturbed during operation, for example by a change in pump power, its
output power does not transition smoothly to the new steady state. Instead,
the laser exhibits relaxation oscillations, damped oscillations of the output
power and the inversion density leading to the new steady-state value [65,66].

Particularly pronounced relaxation oscillations appear when the pump pow-
er is suddenly switched on. For low damping, as in solid-state lasers, the
first couple of spikes can take the form of separate laser pulses with a high
extinction ratio. Diode lasers have much shorter upper-state lifetimes and
typically exhibit strongly damped relaxation oscillations that reach the steady
state within a few nanoseconds (Fig. 2.10a).

Gain switching exploits the overshoot of the optical power during the first
relaxation oscillation for the generation of short optical pulses. For this, the
pump power is quickly switched off after the first optical relaxation peak has
been emitted (Fig. 2.10b). This yields a single optical pulse whose peak power
can be many times higher than the laser’s steady-state output power. If the
pump pulse amplitude is increased, the first relaxation oscillation appears
after a shorter delay [65]. It is followed by a characteristic optical afterpulse,
as the output power follows the remainder of the pump pulse (Fig. 2.10c) [67].
In order to obtain both a symmetric optical pulse shape and a high peak
power, shorter pump pulses are required [66].

Within the single-pulse regime, an increased pump pulse amplitude not
only leads to a higher optical peak power, but also to a decreased optical
pulse duration [68–70].
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Figure 2.10: Simulation of a gain switched laser diode showing the pump cur-
rent, carrier density (=̂ inversion) and optical output power. a) Sudden
switch-on of a DC pump current, b) and c) pumping with a short current
pulse. For low pump pulse amplitudes (b), a single optical pulse is emitted.
For higher pump pulse amplitudes (c), the optical pulse exhibits an afterpulse
that follows the pump pulse shape. For details of the simulation, see Sec.
2.3.1.2.

2.2.2 Gain-Switched Diode Lasers

Gain-switching is particularly popular for diode lasers, which require sub-
nanosecond current pulses for pumping. These can be generated in a variety
of setups, and a large parameter space has been explored.

If high pulse repetition rates are desired, a suitable pump source consists of
a sine-modulated current. While the electronic setup is fairly simple, the pump
pulse length is inversely proportional to the repetition rate. Therefore, the
method is only suitable for repetition rates in the low GHz range. For lower
repetition rates, the long pump pulses cause a degradation of the optical pulse
shape. The upper cutoff frequency is similar to the small-signal modulation
bandwidth [71] and is given by the intrinsic time constants of the laser [72,73].

However, using a sine-modulated pump current, one gives up a major advan-
tage of gain switching: the possibility to generate arbitrary pulse sequences.
In order to implement variable repetition rates between single-shot and the
upper MHz range, single current pulses can be generated by avalanche cir-
cuits [65, 66, 74]. This allows the optimization of the pump pulse duration
independently of the pulse repetition rate. While shorter pump pulses gener-
ate shorter and more symmetric laser pulses, they are also harder to generate
at variable repetition rates from a single driver circuit.

In any pump setup, the pump power needs to return below the lasing thresh-
old in between the gain switching pulses in order to exploit the optical relax-
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ation oscillation. A below-threshold DC bias can however be beneficial as it
leads to a decreased optical pulse width and higher peak power [68,69,74]. On
the other hand, negative bias voltages can also cause pulse shortening [75].

In addition to detailed studies of the pump parameters, efforts have been
made to optimize the quantum well structure [67,76] or the resonator geometry
[77] of laser diodes for gain switching operation. Pulses as short as 2 ps with
a minimum pulse interval of 16 ps have been demonstrated [76].

2.2.3 Other Pulse Generation Methods

Alternative methods for the generation of optical picosecond pulses include
mode-locking [78] and Q-switching [79–82]. Each method has a specific set of
advantages [83] (Tab. 2.2) that make it suitable for particular applications.

In mode-locking, laser pulses are generated by the coherent superposition
of many longitudinal laser modes. They add up to a single optical pulse
circulating in the laser resonator. This fixes the pulse repetition rate to the
resonator roundtrip time. Compared to the other pulse generation methods,
mode-locking allows the generation of the shortest laser pulses, and pulse
durations below 2 ps FWHM have been demonstrated [78, 84]. Moreover,
very high pulse repetition rates of several GHz and low timing jitters are
possible [78, 85], making mode-locked diode lasers ideally suited for optical
telecommunications.

For an implementation in a monolithic semiconductor laser, a layout with
at least two resonator sections is necessary [78]. Beside the gain section, a
reverse bias section acting as a saturable absorber is required. An additional
phase section can provide stability at lower repetition rates. While such a
multi-section laser diode is rugged and compact, it has to be custom-built,
making availability low and expensive, especially if several wavelengths are
required.

On the other hand, mode-locked semiconductor lasers can be implemented
using an external resonator with a saturable absorber and a generic laser diode
as the gain medium [86]. However, external resonators are mechanically less
stable and have a larger footprint than monolithic diode lasers.

In Q-switching, the resonator quality Q is modulated at constant material
gain in order to generate a laser pulse. While the resonator loss is high,
energy is stored in the active medium. This is suddenly released in the form
of a short laser pulse when the resonator is switched to its low-loss state. If
the quality increase is triggered externally (active Q-switching), a variation
of the repetition rate is possible [80]. Passive Q-switching can occur in any
laser resonator that contains a saturable absorber. Here, no external control
of the pulse repetition rate is possible, unless the gain is also modulated [81].
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Gain-switching Q-switching Mode-locking

Typ. pulse duration 20–100 ps 20–100 ps 2–20 ps
Typ. pulse energy <100 pJ 100–500 pJ 20–50 pJ
Typ. pulse peak power <1 W 1–10 W 1–5 W
Repetition rate variable variable fixed

0–5 GHz >0.5 GHz >5 GHz
Timing jitter >5 ps >5 ps <1 ps
Cavity sections 1 2 ≥2

Table 2.2: Typical pulse parameters of gain switched, Q-switched, and mode-
locked monolithic diode lasers

Q-switching is particularly popular with solid-state lasers whose upper-
state lifetimes are long, allowing the storage of large amounts of energy in the
active medium. Q-switched semiconductor lasers can store less energy, but
their short resonators enable high repetition rates above 10 GHz and short
pulse durations below 50 ps [79, 81, 82]. High peak powers of up to 45 W in a
single transverse mode have been realized [81]. Similar to mode-locked diode
lasers, Q-switched diode lasers have either an external cavity or a monolithic
multi-section layout to implement the required absorber.

In conclusion, gain switching generates neither the highest peak powers nor
the shortest pulses, but it has two major advantages. Firstly, pulses can be
generated at arbitrary repetition rates from single-shot to several GHz. Sec-
ondly, generic single-section laser diodes can be used, making gain switched
laser pulse sources particularly compact and economical. These features make
gain switched diode lasers a popular choice for analytical methods where mod-
erate intensities and flexible pulse trains are required.
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2.3 Modeling of Diode Laser Dynamics

Accurate models of diode lasers can significantly reduce time and resources
needed in device optimization. They also help in the design of experiments
by allowing the prediction of novel behaviors and operation regimes. The
variation of individual parameters can furthermore increase physical under-
standing, in particular if these parameters cannot be modified individually in
experimental systems.

For all of these applications, a close match between the simulated laser char-
acteristics and the experimental data is vital. For each task, the required level
of complexity needs to be balanced against computational effort. For example,
a discussion of the beam quality of a broad area laser will require a spatially
resolved simulation of heat generation and dissipation, which can generally
be neglected in ridge-waveguide devices. A simulation of gain switching, on
the other hand, needs picosecond time resolution and the ability to describe
a laser both above and below threshold.

2.3.1 Dynamic Models of Distributed Feedback Lasers

Over the years, multiple large-signal models of distributed-feedback lasers
have been proposed. In addition to the traveling wave equations (Sec. 2.3.1.1),
transfer matrix models have been suggested. They essentially divide the laser
resonator longitudinally into many slabs, describing the amplification and
distributed reflectivity through transfer matrices between the slabs. This has
the advantage of being conceptually and mathematically simple and allows
the description of longitudinal inhomogeneities such as spatial hole burning.
However, computational effort increases severely with the number of slabs,
which in practice limits the spacial resolution. Moreover, intricate iteration
procedures are necessary in order to include laser dynamics [87, 88].

Transfer matrix methods have been frequently used in combination with
the traveling wave equations by using few large sections each described by
the traveling wave equations. The connections between the segments are
described by transfer matrices [89, 90]. This is particularly useful for lasers
with inhomogeneous gratings.

2.3.1.1 The Traveling Wave Equations

Since their formulation by Kogelnik in 1972 [91], the traveling wave equations
(TWE) have enjoyed large popularity and are the most common model of
DFB lasers today [27, 92–96].

20



2.3 Modeling of Diode Laser Dynamics

Their derivation starts from the Helmholtz equation for the complex electric
field amplitude E

∂2E

∂z2
+

ω2ñ2

c2
0

E = 0, (2.1)

where ω is the light frequency, c0 is the vacuum velocity of light, and

ñ = n +
1

2
i
c0

ω
g (2.2)

the complex refractive index. This definition gives us the complex propagation
constant k = β + 1

2
ig, where β = ωn/c0 is the ordinary propagation constant

and g is the optical net intensity gain. With the assumption of small gain,
g � β, the constant in the Helmholtz equation is

ω2ñ2

c2
0

= k2 ≈
ω2n2

c2
0

+ ig
ωn

c0
.

In the case of index coupling, the Bragg grating is modeled as a periodic
variation of the refractive index, expressed as a Fourier series along the direc-
tion z of the optical axis:

n = n0 +
∑
μ�=0

nμ exp(iμβgz),

where βg = 2πn0/Λ is the wavenumber of the grating. With the approxi-
mations of low gain (g � β0) and low index fluctuations (nμ�=0 � n0), this
yields

k2 ≈ β2
0 + iβ0g + 2β0

ω

c0

∑
μ�=0

nμ exp(iμβgz),

with the average propagation constant β0 = 2πn0/λ.
Now, a solution to the Helmholtz equation 2.1 is required with this z-

dependent propagation constant. Solutions occur close to each Bragg order.
For a grating of order q, one therefore makes the ansatz

E = R−(z) exp(−i q

2
βgz) + R+(z) exp(+i q

2
βgz)

for a single transverse mode with wavenumber q

2
βg. R−(z) and R+(z) are the

complex amplitudes of the forward and backward propagating waves, respec-
tively. These contain a phase factor describing the wavelength difference to
the Bragg wavelength.

When this ansatz is plugged into the Helmholtz-equation 2.1, the left-hand
side only contains the exponentials ±i q

2
βgz, while on the right-hand side, all

multiples of iβgz are present. Light waves with wavenumbers |μβg| > q

2
βg,
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μ ∈ Z, cannot exist close to the Bragg frequency, since the guided mode
from the ansatz runs along the z-axis. Terms with wavenumbers |μβg| <
q

2
βg represent radiative modes that run at an angle to the optical axis [31].

Therefore, no radiative modes exist for a first-order grating and it only couples
the counterpropagating modes with wavenumber ±i q

2
βgz. In the general case,

the coupling between the guided modes is provided by the Fourier component
n±q, which needs to be maximized in the design of higher-order gratings.

By comparing terms with equal exponentials, differential equations for R−

and R+ are obtained. In the slowly-varying-envelope approximation (∂2R±

∂z2 ≈
0), these are the well-known traveling wave equations

−
∂R−

∂z
+

(
1
2
g − iδβ

)
R− =iκR+,

∂R+

∂z
+

(
1
2
g − iδβ

)
R+ =iκR−,

with the coupling coefficient κ = β0nq/n0 and the frequency deviation

δβ =
1

2

n0

c0

(q

2
ωg − ω

)
,

where ωg is the angular frequency of the grating.
This formalism can be readily expanded to gain- or loss-coupled gratings by

a modification of the coupling constant κ [91]. The radiative loss caused by
higher-order gratings can be subsumed in the net gain and a slight wavelength
shift [92–94].

In order to describe DFB lasers close to threshold, a model for the spon-
taneous emission needs to be included. This is commonly done by adding a
source in the form of stochastic Langevin functions f±ω (z) [27, 31, 97]:

−
∂R−

∂z
+

(
1
2
g − iδβ

)
R− − iκR+ =f−ω (z),

∂R+

∂z
+

(
1
2
g − iδβ

)
R+ − iκR− =f+

ω (z). (2.3)

The ensemble averages of the Langevin noise functions vanish, 〈f±ω (z)〉 = 0,
and the correlation functions are non-zero only at identical parameters,〈

f+
ω (z)f+

ω′(z
′)
〉

=
〈
f−ω (z)f−ω′(z

′)
〉

= �ωgnspδ(z − z′)δ(ω − ω′),

where nsp is the factor between stimulated and spontaneous emission.
These extended traveling wave equations 2.3 can be used to simulate the

amplified spontaneous emission (ASE) of DFB lasers [27] (Fig. 2.6). Fitting
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2.3 Modeling of Diode Laser Dynamics

Figure 2.11: ASE spectrum of laser
C1336-6-3 020408 at 300 K and
40 mA pump current. Measurement
with Advantest Q8384 with 10 pm
resolution, simulation of traveling
wave equations with fitted values for
the coupling coefficient κ = 1.0 cm−1

and the grating phases ϕL = 0.56 π,
ϕR = 0.15 π at the facets.

the simulated ASE spectra to measurement data allows the determination of
the coupling coefficient κ and the grating phases at the facets (Fig. 2.11). In
this work, the existing implementation by Wenzel et al. [27] was used for this
purpose.

2.3.1.2 The Rate Equation Model

The rate equations are a set of balance equations for the average photon
density S and the average carrier density N in the laser cavity. Their nu-
merical solution and physical interpretation are straightforward, and they are
widely used in the simulation of Fabry-Pérot lasers [69, 70, 72, 74, 76, 98, 99].
Forward- and backward-running waves are not distinguished, and the facet
losses are treated as a constant loss rate. This means that the rate equa-
tions are only applicable for dynamic processes on time scales longer than the
resonator roundtrip time. Due to the lack of spatial resolution, distributed
feedback cannot be modeled directly using the rate equations. However, good
agreement with experimental measurements can be achieved using an effective
photon lifetime (Sec. 2.4.1).

In order to derive the rate equations, consider light circulating in a laser
resonator with length L and mirror reflectivities RL and RR, where net modal
gain gnet is assumed to be spatially constant and temporally constant on
the timescale of one resonator roundtrip. The first assumption is valid in
many semiconductor lasers with cleaved facets but not for very low facet
reflectivities [100] or for lasers with strong spatial hole burning such as λ/4-
shifted DFB lasers. Then, the light intensity P (2L) after one roundtrip is

P (2L) = P (0)RLRR exp(gnet2L) + Psp,

where P (0) is the light intensity at the start of the roundtrip and Psp is the
light that is spontaneously emitted into the lasing mode.
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Chapter 2 Gain-Switching of Distributed Feedback Lasers

The net gain consists of the modal gain gm and the internal losses α, gnet =
gm − α. In analogy, the facet losses are defined as [101]

1

τR
=

c

2L
log

(
1

RLRR

)
, (2.4)

where c is the velocity of light in the medium, and write

P (2L) = P (0) exp

(
2L

(
gm − α −

1

cτR

))
+ Psp. (2.5)

In effect, this means that the mirror reflectivity is distributed over the whole
resonator length. This approximation is valid on time scales longer than the
round-trip time.

Similar to the gain, the spontaneous emission rate is considered to be con-
stant, so that Psp = nspRsp

2L
c

, where Rsp is the total spontaneous emission
rate of the active medium and the spontaneous emission factor βsp is the
fraction of spontaneously emitted photons that enter the lasing mode.

Going from the intra-cavity power to the photon density S and from the
modal gain to the material gain g(N), Eq. 2.5 becomes

S(z) = S(0) exp

(
z

(
Γg(N) −

1

cτS

))
+ ΓβspRsp

z

c
, (2.6)

where the confinement factor Γ is the ratio between the mode volume and the
volume of the active zone and

τS :=
1

cα + 1
τR

(2.7)

is the total photon lifetime.
The total spontaneous emission rate can be calculated according to Einstein

[102] by considering a piece of active medium in thermal equilibrium and
evaluating the balance equation of all forms of carrier recombination. The
dependence on the carrier density is approximately quadratic [103], Rsp =
BN2.

The rate equation for the photon density is the time derivative of Eq. 2.6,

dS

dt
=

(
cΓg(N) −

1

τS

)
S + βspBN2, (2.8)

where Γ was absorbed into βsp.
During stimulated and spontaneous emission, one electron-hole pair recom-

bines for each photon that is generated. Therefore, one term in the rate
equation for the carrier density is

dN

dt
= −cg(N)S − BN2.
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2.3 Modeling of Diode Laser Dynamics

The confinement factor does not enter into this formula, as the charge carriers
are confined to the active zone.

In addition, terms for non-radiative recombination, Rnr, and a pump term
I/(eV ) are included, which contains the assumption that every injected elec-
tron creates one electron-hole pair. Writing R(N) = Rnr + Rsp, the final rate
equation for the carrier density is

dN

dt
=

I

eV
− cg(N)S − R(N). (2.9)

Several processes contribute to the non-radiative carrier recombination.
The major ones are recombination at lattice defects and Auger recombination.
Lattice defects and impurities can give rise to mid-bandgap energy levels that
can temporarily trap an electron before releasing it into the valence band
(Shockley-Read-Hall recombination). For high injection, its contribution is
linear in N [104].

Auger recombination is essentially the collision between two electrons which
makes one electron drop to the valence band while the other is excited to a
higher-energy state. It involves two electrons and one hole (or two holes and
one electron) and is proportional to N3 for lightly doped regions [104]. The
nonradiative recombination thus can be written as

R(N) = N/τN + BN2 + CN3, (2.10)

where typical values of the coefficients for a laser wavelength of 1060 nm are
[88, 96, 105, 106]

τN ≈ 2 ns, B ≈ 10−10 cm3 s−1, C ≈ 10−29cm6 s−1.

Many authors have experimentally observed a decrease of gain at high pho-
ton densities and have added a phenomenological gain compression factor ε
to the gain term of the rate equations [98, 107–110],

g(N)S → g(N)
S

1 − εS
.

Many physical explanations have been put forward, and the dominating mech-
anisms for near-IR laser diodes seem to be spectral hole burning and carrier
heating [108,110].

In order to apply the rate equation model to DFB lasers, the effective
photon lifetime τS has to be determined for a given coupling coefficient κ and
facet phases ϕL and ϕR. Considering the steady state of Eq. 2.8 shows that τS

is closely related to the threshold gain gth, 1/τS = Γgth. For a DFB laser, the
latter can be calculated analytically from the traveling wave equations [95].

25



Chapter 2 Gain-Switching of Distributed Feedback Lasers

Figure 2.12: Simulation of a gain
switched laser pulse using the
traveling wave equations (TWE)
(simulated using LDSL [96]) and
the single-mode rate equations for
a 1.5 mm long laser diode. As ex-
pected, the rate equations do not
reproduce features on time scales
below the resonator roundtrip
time of 30 ps.

Even though the rate equations do not spatially resolve the DFB Bragg
grating, remarkable agreement to the traveling wave equations can be reached
(Fig. 2.12). For this comparison, the parameters of wafer C1340-6-3 at 300 K
(Tab. 2.3) were used with a logarithmic gain model [96]. For the simulation
of the traveling wave equations, the commercial tool LDSL [96] was utilized.
The single-mode rate equations were solved using the Euler method. As
expected, the rate equations do not include features on time scales below the
resonator round trip time (here: 30 ps for a 1.5 mm long diode laser), but
the pulse envelope is in good agreement for both methods. The shorter rise
time in the traveling wave equations model is due to the inclusion of multiple
longitudinal modes. The lower power in the pulse tail is due to longitudinal
spatial hole burning. However, this can be corrected by choosing slightly
different parameters for the pump pulse. Therefore, it seems justified to use
the rate equation model for simulations of DFB gain switching.

2.3.2 The k·p-Model of Gain in Semiconductors

The determination of the optical gain spectrum in a semiconductor device
starts with the calculation of the bulk band structure. The k·p-model is the
most widely used method for this and is based on perturbation theory starting
from the zone-center with �k = 0.

Due to the lattice periodicity, all energy eigenstates |ϕ
n�k
〉 in a bulk semi-

conductor crystal take the Bloch form

〈
�r
∣∣ϕn�k

〉
= exp(i�k · �r)

〈
�r
∣∣∣n�k

〉
,

where n is the band index, �k the electron wave vector, and 〈�r|n�k〉 the lattice
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periodic function. By plugging this into the Schrödinger equation(
�p

2m0
+ V0(�r)

) ∣∣ϕ
n�k

〉
= E

n�k

∣∣ϕ
n�k

〉
,

where m0 is the free electron mass and V0(�r) is the periodic crystal potential,
the k·p equation [21, 111]

Hk·p

∣∣∣n�k
〉

:=

(
�p2

2m0
+

��k · �p

m0
+ V0(�r)

)∣∣∣n�k
〉

=

(
En�k −

�
2�k2

2m0

) ∣∣∣n�k
〉

(2.11)

is obtained.
Group theoretical considerations and experimental measurements show the

symmetry of the energy eigenstates at �k = 0 [111]. Disregarding spin, the
conduction band state is non-degenerate with s-like symmetry. The top states
in the valence band are threefold degenerate and have p-like symmetry.

The energy eigenstates can now be expressed for general �k as a linear com-
bination of the �k = 0 eigenstates, and find the coefficients via perturbation
theory. For this, the Hamiltonian is split up as

H0 =
�p2

2m0
+ V (�r), H1 =

��k · �p

m0
.

Perturbation theory readily yields the (only spin-degenerate) eigenstates
and effective masses of the conduction band [21]. For the valence band with
three degenerate states, matters are a bit more complicated. In order to
determine the energy corrections to second order, one needs to decouple the
degenerate subspace from all other states to first order. This can be achieved
by the method of infinitesimal basis transformations [112]. Including spin, this
yields a 8×8 Hamiltonian matrix whose eigenvalues are the desired valence
band energies to second perturbation order (see [21, 111, 113] for the matrix
elements).

The deviations from the ideal, infinite crystal in multilayer semiconductor
devices can be expressed as an external potential Vext(�r) that does not have
the lattice periodicity. Therefore, the solutions to the full Hamiltonian are no
longer Bloch functions. However, a sufficiently weak potential can be treated
by perturbation theory starting from the full k·p Hamiltonian as H0 [21]. This
is called the envelope function approximation, because the new eigenstates
(the envelope functions) vary only slowly across one lattice unit cell.

The inclusion of quantum well strain leads to another perturbation to the
k·p Hamiltonian which also has k·p form [21,113].
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Since the only �k-dependence of the k·p-Hamiltonian is of the form �k · �p,
the momentum matrix elements can be calculated via the �k-derivative of the
energy matrix elements [113, 114],

�pnm =
m0

�

�∇�k
〈ψn |Hk·p |ψm〉 ,

where m, n are band indexes and |ψn,m〉 are �k-independent envelope states.
The material gain g is given by the imaginary part of the optical suscepti-

bility χ. This can be calculated from the electric polarization P :

g = −
k

2
�(χ) = −

k

2
�

(
P

ε0E

)
,

where E is the electrical field. Quantum mechanically, the polarization is
proportional to the expectation value of the position of the electrons,

�Pij ∼ 〈ψi |�r |ψj〉 .

According to Heisenberg’s equation of motion, this can be expressed via
the momentum matrix element,

〈ψi |�r |ψj〉 =
i�

m0(Ei − Ej)
�pij .

Taking into account the occupation probabilities for valence and conduction
band, the gain spectrum can finally be calculated as [114]

g(ω) =
π�q2

ε0m2
0nrc0dQW

∑
i,j

∫
d2k‖

1

(2π)2

�pij�e

Ei − Ej

fe(Ei)
(
1 − fh(Ej)

)(
1 − exp

(
�ω − (EFc − EFv)

kBT

))
,

where q is the electron charge, n is the refractive index, dQW is the quantum
well thickness and �e is the light polarization.

To model energy and phase relaxation, the calculated gain spectra and
energy levels have to be broadened by convolution with a smooth lineshape
function [114–116].

This k·p-model of optical gain accurately reproduces experimental quantum
well gain spectra [115,117,118], especially the blue-shift of the gain maximum
with increasing carrier density and the red-shift with increasing temperature.
However, the quality of the agreement does depend on the details of the gain
model [115–117].
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In this thesis, an existing implementation by Wenzel et al. [119] is used,
where the gain is spectrally broadened by a sech-function with an intra-band
relaxation time of 66 fs. Band gap renormalization is included by means of
an approximate formula derived by Zimmermann for bulk systems [120]. A
linear dependence of the band gap on the temperature is assumed (dEg/dT =
−4.5 × 10−4 eV/K).

In summary, this section has provided short sketches of several theoretical
models which are widely used in the simulation of laser diode dynamics. First,
the traveling wave equations for DFB lasers were derived from the Helmholtz
equation. Next, the spatially averaged rate equations were introduced. While
these are commonly used for Fabry-Pérot laser diodes, good agreement with
the traveling wave equations can be achieved for single-section DFB lasers.
Both dynamic models require the separate simulation of the semiconductor
gain spectrum. This starts with the calculation of the band structure in
a strained quantum well in the k·p model. From this, the semiconductor
gain spectrum can be calculated by linear response theory. In agreement
with experimental data, the gain maximum shifts toward shorter wavelength
with increasing carrier density and toward longer wavelengths with increasing
device temperature.
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2.4 Gain-Switching of Distributed Feedback

Laser Diodes

Gain-switching of DFB laser diodes is a robust and economical way to pro-
duce spectrally narrow picosecond pulses (Sec. 2.2) that has been commer-
cially exploited for a number of years. Still, the detailed study of the spectral
dynamics and the parameter dependence of the pulse performance is worth-
while. It allows an in-depth understanding of the dynamical processes in DFB
laser diodes and enables the optimization of the laser design and the operating
conditions for the generation of pulses with peak powers greater than 1 W.

In the past, a number of theoretical and experimental studies have been
performed on the spectral dynamics of gain switched Fabry-Pérot lasers [67,
76, 99, 121]. Pulses generally begin with a broad spectrum with a large num-
ber of modes, before the spectrum gradually narrows down to few modes
similar to the lasers’ CW spectrum. This has been explained by mode com-
petition, where the decay time of the side modes is inversely proportional to
the net gain difference to the dominant mode [99]. Furthermore, the spectral
position of the gain maximum shifts dynamically with the carrier density, fa-
voring shorter-wavelength modes during the first relaxation peak [67,76,121].
Numerically, the mode competition can be modeled by multi-mode rate equa-
tions [76, 99, 121] that describe each longitudinal mode by a separate rate
equation. The accurate reproduction of the spectral shift, requires a realistic
model of the optical gain spectrum and its dependence on carrier density.

On the other hand, only a few authors have investigated the spectral dynam-
ics of DFB lasers. A first experimental study [122] led to the conclusion that
for spectrally narrow pulse generation, the Bragg wavelength should be on the
shorter-wavelength side of the gain maximum in order to avoid emission on
residual Fabry-Pérot (FP) modes. Other studies focused on chirp [88,123,124]
or linewidth broadening [88] of individual lasing modes during gain switching
of DFB lasers.

This section presents a detailed investigation of the longitudinal mode dy-
namics in gain switched DFB lasers. The spectral dynamics during the first
few relaxation oscillations are studied, including both the Bragg modes close
to the stop band and the residual Fabry-Pérot modes. As in Fabry-Pérot
lasers, the spectral dynamics are dominated by mode competition. Accord-
ingly, the spectral quality of the first relaxation peak strongly depends on the
net gain difference between Bragg and FP modes. This is determined both
by the grating strength and by the wavelength difference Δλ between gain
maximum and Bragg wavelength, which can be tuned by changing the device
temperature.
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2.4.1 An Extension of the Rate-Equation Model to

Mode Competition

The model presented in this section aims to simulate the mode competition
between the Bragg-mode and the residual Fabry-Pérot modes during switch-
on of a DFB laser. A common dynamic model for DFB lasers consists of
the traveling-wave-equations [105] (Sec. 2.3.1.1). It allows the simulation
of longitudinal inhomogeneities like spatial hole-burning. However, common
implementations [96] assume that the whole lasing spectrum is close to a single
reference wavelength. This assumption is not valid for the residual FP-modes.

Instead, a rate-equation model is used, treating the Bragg-mode (index B)
and the Fabry-Pérot modes (index FP) as two species of photons Si which
interact with a single species of charge carriers N :

dSB

dt
=ΓcgB(N)

SB

1 + εSB
−

SB

τSB
(N)

+ KBβspBN2,

dSFP

dt
=ΓcgFP(N)

SFP

1 + εSFP
−

SFP

τSFP
(N)

+ KFPβspBN2, (2.12)

dN

dt
=

I

eV
− R(N) −

cgB(N)SB

1 + εSB
+

cgFP(N)SFP

1 + εSFP
.

A numerical comparison shows good agreement with the traveling-wave
equations for the single-mode case (Fig. 2.12). This indicates that for the
parameter range relevant to this study, realistic simulation results can be
reached with a rate equation model.

Γcgi(N) describes the modal gain, where Γ is the confinement factor and
c = c0/ng is the effective group velocity of the lasing mode. The model for
the material gain gi bases on the computation of the subbands and oscillator
strengths using an eight-band k·p Hamiltonian taking into account all possible
transitions in the quantum well (QW) [119] (Sec. 2.3.2).

The gain for the Bragg mode was calculated at wavelengths λB(T ), tak-
ing into account the slight shift of the Bragg wavelength with temperature.
The FP-modes, on the other hand, are assumed to develop around the gain
maximum, whose wavelength λFP depends on temperature and carrier density
(Fig. 2.13). The wavelength difference Δλ0 = λB −λFP between Bragg wave-
length and gain maximum at T = T0 = 300 K and N = Nth is determined
from the CW emission spectrum above threshold. These spectra consist of a
strong DFB line and an ASE background that is suppressed by at least 30 dB
(Fig. 2.9). The gain maximum is assumed to be located at the maximum
of the ASE background. Due to gain clamping, the carrier density is fixed
to the threshold value Nth during CW emission. If Δλ0 is negative (Bragg
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Figure 2.13: Simulated gain as a function of carrier density. Left: Peak gain
(gFP) for different temperatures. Inset: wavelength of gain maximum at
threshold carrier density as a function of temperature. Right: Gain at 300 K
at fixed wavelengths (see Fig. 2.22), and at gain maximum.

wavelength shorter than wavelength of gain maximum), the gain at the Bragg
wavelength approaches the maximum gain for high carrier densities. If Δλ0 is
positive, the Bragg gain is close to the gain maximum at low carrier densities.

The photon lifetime τSi
depends on both the internal loss α(N) and the

reflector loss τR,i (Eq. 2.7). α is dominated by free carrier absorption and
therefore is a function of temperature T and carrier density:

α(N) = α0

(
fn

T
T0

+ fp

(
T
T0

)2
)

N

with T0 = 300 K, fn = 4·10−18 cm2 and fp = 12·10−18 cm2 [106]. The reflector
losses τR,FP for the FP-modes depend only on the residual facet reflectivities
Ri (Eq. 2.4). For the Bragg-mode, however, the reflectivity of the optical
grating increases the effective photon lifetime τS,B, which can be calculated
from the steady-state solutions of the traveling wave equations (Sec. 2.3.1.2).
It was averaged over all grating phases at the facet to enable a comparison
with measurements averaged over multiple laser diodes. Furthermore, Bragg-
and FP-modes differ by the longitudinal Petermann factor Ki [125]. This
correction factor for the stimulated emission depends on the longitudinal in-
homogeneity of the photon density of the considered mode. In keeping with
the assumptions made in the formulation of the rate equations (Sec. 2.3.1.2),
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Param. C1336-6-3 C1340-6-3 Param. C1336-6-3 C1340-6-3

Carrier Recombination Geometric Parameters
τN 1.5 ns length 1.5 mm
B0 10−10 cm3 s−1 width 5.1μm
C0 4 · 10−30 cm6 s−1 thickness 27 nm
KFP 117 Γ 0.04
KB 18.5 4.46 ng 3.38
βsp 15.5 · 10−7

ε 6 · 10−17 cm3

Photon Losses Bragg Wavelength
RL 10−4 Δλ0 7.5 nm 5.8 nm
RR 0.95 Pump Parameters
κ 0.9 cm−1 2.2 cm−1 FWHM 610 ps
α0 0.80 1.05 Imax 470 mA

Table 2.3: Simulation Parameters

an effective reflectivity, which completely determines the Petermann factor.

Non-radiative carrier recombination is assumed to be cubic (Eq. 2.10),
where B = B0

T
T0

and C = C0 exp( E0

kBT0
− E0

kBT
) depend on temperature (E0 =

0.1 eV) [106].

A phenomenological term (1+ εSi)
−1 for the gain compression has been in-

troduced. While more complex schemes have been evaluated good agreement
with the experimental data is found using a single gain compression factor ε.

For the simulation of gain switching, the electrical pump pulse shape is
modeled as super-Gaussian with an exponent of 2.5. This produces a good fit
to the tail of the measured pulse shape.

In order to determine the simulation parameters (Tab. 2.3), the DFB cou-
pling coefficients κ and the group refractive index ng are obtained from a fit
of the amplified spontaneous emission (ASE) spectrum (Sec. 2.3.1.1). This
allows the calculation of the photon lifetime for the Bragg mode τS,B (Sec.
2.3.1.2) and the longitudinal Petermann factor [125].

The facet reflectivities RL and RR and the length and thickness of the
active zone are set to their design values (Tab. 2.1). The confinement factor
Γ is determined from a simulation of the transverse resonator modes. The
parameters τN , B0, C0, and βsp are set to literature values [88, 96, 105, 106].
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Figure 2.14: CW slope ΔP/ΔI and threshold current Ith; measured data (av-
erage over 4 devices) and simulation

threshold carrier density Nth, the threshold current Ith, and the slope m of
the P-I-characteristics:

gB(Nth) =
1

τSB
Γc

,

Ith =eV

(
Nth

τN

+ BN2
th + CN3

th

)
, (2.13)

m =
hc0

λe

1

cα(N)τR,B + 1
, (2.14)

assuming that the CW threshold of the Bragg mode is lower than that of the
residual Fabry-Pérot modes at all temperatures.

The intra-cavity loss α0 includes radiative losses from the second-order grat-
ing (Sec. 2.3). The value for each laser type is determined by fitting Eq. 2.14
to the measured P-I-slope (Fig. 2.14). Similarly, a fit of Eq. 2.13 to the
measured CW threshold currents allows us to determine the effective width
of the active zone, which is broadened due to current spreading.

The gain compression parameter ε cannot be obtained from the lasers’ CW
behavior. Furthermore, the effective pump pulse duration and amplitude are
not known precisely since they sensitively depend on parasitics in the laser
diode and its mount. These parameters are determined by fitting the simu-
lated gain switched pulse shape to the measured one in single-mode regime
(wafer C1340-6-3 at 310 K).

34

The steady-state solution of the rate equations(Eq. 2.12) gives us the



2.4 Gain-Switching of Distributed Feedback Laser Diodes

Figure 2.15: Schematic setup of a streak camera. First, the wavelength infor-
mation is converted into spatial deflection in a grating monochromator. Then,
the temporal information is converted into spatial deflection in the perpen-
dicular direction in the streak camera. To do this, the light is converted to
electrons in a photocathode, these are deflected by a ramped electric field.
The multi-channel plate (MCP) serves to amplify the electron signal.

2.4.2 Device and Measurement Setup

For the present gain switching experiments, DFB lasers of wafers C1336-6-3
and C1340-6-3 (device layout: Sec. 2.1.3, CW characteristics: Sec. 2.1.4) are
mounted p-side up on a C-mount and attached to a Peltier-cooled heat sink.
They are pumped with short current pulses at a repetition rate of 10 MHz.

Laser emission spectra are measured on a logarithmic scale using an Ad-
vantest Q8384 spectrum analyzer with a resolution of 10 pm. Pulse shapes are
measured on a relative scale using a fast photodiode (New Focus 1434) and
a sampling oscilloscope (LeCroy WaveExpert NRO9000) with a total impulse
response time of 25 ps FWHM. Pulse lengths and peak powers stated in this
thesis are as measured without deconvolution with the instrument response
function.

The average laser output power is measured using an Ulbricht integrating
sphere and a Newport 818-SL Silicon photodetector. Its accuracy is approx-
imately ±10%, precision is higher at ±3%. The pulse energy Ep is obtained
by deviding the avarage power by the repetition rate. From the pulse energy
and the measured pulse shape, the pulse peak power Pmax is determined.

Direct measurements of the spectral dynamics are done with a streak cam-
era (Hamamatsu C5680) with spectroscope (Fig. 2.15), allowing a temporal
resolution of 33 ps and a spectral resolution of 150 pm at the selected settings.
Images were averaged over 1000 laser pulses. Independent measurements of
the time-averaged spectrum over a high dynamic range allow for a precise
estimate of the energy content EB of the Bragg mode.
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Figure 2.16: Streak camera images of the picosecond pulses generated from a
gain switched DFB laser diode (C1336-6-3 020410) at different temperatures.
The coupling coefficient of this device is κ = 0.9 cm−1.

2.4.3 Mode Competition and Spectral Dynamics

To experimentally study the spectral dynamics of DFB lasers under gain
switching operation, the time-dependent spectra at different device temper-
atures are measured directly using a streak-camera with spectroscope (Fig.
2.16 and 2.17).

When the heat-sink temperature is increased, the gain maximum shifts to-
ward longer wavelengths by approximately 0.48 nm/K. Simultaneously, the
Bragg wavelength shifts by 0.08 nm/K due to the temperature dependence
of the refractive index. Since the investigated laser diodes were optimized
for high-power CW operation, the gain maximum λFP is on the shorter-
wavelength side of the Bragg wavelength at room temperature and threshold
carrier density (1057.6 nm for wafer C1336-6-3 and 1055.2 nm for C1340-6-3).
As the device is warmed up, the gain maximum shifts toward the Bragg wave-
length by 0.40 nm/K and the material gain at the Bragg wavelength increases.

Thus, pulse measurements at different heat sink temperatures show qual-
itatively different dynamic spectra. At 290 K, lasers from wafer C1336-6-3
(κ = 0.9 cm−1) show broadband emission over the whole pulse duration, with
less than 20% of the pulse energy contained in the Bragg mode (Fig. 2.16,
top). In contrast, at 330 K, the same lasers emit more than 95% of the pulse
energy at the Bragg-wavelength, with a time-averaged side-mode suppression
ratio of about 35 dB (Fig. 2.16, bottom). At this setting, the pulse duration
is (68±3) ps and the peak power is (1.05±0.06)W, which makes these pulses
excellently suited for second harmonic generation (SHG).
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Figure 2.17: Streak camera images of the picosecond pulses generated from a
gain switched DFB laser diode (C1340-6-3 010813) at different temperatures.
The coupling coefficient of this device is κ = 2.2 cm−1.

An example of the intermediate spectral behavior can be found at 310 K,
where the pulse peak is dominated by the broadband Fabry-Pérot modes,
while the afterpulse is emitted at the Bragg wavelength (Fig. 2.16, center).
In the temporal average, (73 ± 3)% of the pulse energy is contained in the
Bragg mode. Still, these laser pulses are poorly suited for second harmonic
generation because the high-power pulse peak is spectrally broad.

Lasers from wafer C1340-6-3 have a stronger DFB grating (κ = 2.2 cm−1)
and perform better at low temperatures. At 290 K, they already emit (89±4)%
of the pulse energy at the Bragg wavelength (Fig. 2.17, top), this rises to more
than 99% at temperatures above 305 K. At all temperatures between 290 K
and 330 K, these lasers have an average side-mode suppression ratio of more
than 30 dB under gain switching operation, making them excellently suited
for SHG.

However, the improved spectral discrimination comes at a cost: At the
same device temperature and pump conditions, lasers from wafer C1340-6-3
generate pulses with lower peak power than those of wafer C1336-6-3. At
330 K, both laser types emit essentially in a single longitudinal mode. Here,
lasers from wafer C1336-6-3 emit pulses with a peak power of (1.05±0.06)W
while the pulses generated by lasers from wafer C1340-6-3 have a peak power
of only (0.59 ± 0.04)W (Fig. 2.18).

This is well reproduced by the two-species rate equation model (Eq. 2.12,
Fig. 2.18). Modification of single parameters reveals the cause of the power
difference: Lasers from wafer C1340-6-3 have higher intra-cavity losses α and
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Figure 2.18: Spectrally integrated pulse shapes of gain switched DFB lasers
at 330 K; photodiode measurement and simulated pulse shape (sum of Bragg
and FP contributions). At these settings, both laser types emit more than
95% of the pulse energy at the Bragg wavelength.

lower facet losses τ−1
R,B, both caused by the higher DFB coupling coefficient.

This redistribution of losses reduces the amplitude of the first relaxation os-
cillation, even at nearly constant total photon lifetime (τSB

= 3.1 ps for wafer
C1336-6-3 and τSB

= 3.4 ps for wafer C1340-6-3). Therefore, the higher spec-
tral selectivity and the reduced pulse peak power of the latter are indeed
caused by the same underlying design feature, the stronger DFB coupling.

The competition between Fabry-Pérot and Bragg modes is also reproduced
well by the presented model. (Fig. 2.19). The presented experimental pulse
shapes for wafer C1336-6-3 are spectral integrals of the streak camera images
of Fig. 2.16, with the FP-modes and the Bragg mode integrated separately.
At 290 K, both the experimental and the simulated laser pulses consist only
of Fabry-Pérot modes. At 310 K, the FP-modes are restricted to the first
relaxation oscillation, with the after-pulse dominated by the Bragg mode.
At 330 K, the Bragg mode dominates over the whole pulse duration. For a
more detailed listing of measured and simulated pulse peak powers Pmax and
percental energy in the Bragg mode EB/Ep see Tab. 2.4.

The simulated energy fraction in the Bragg mode shows a stronger tem-
perature dependence than observed experimentally. However, this behavior
is very sensitive on slight parameter variations, and even neighboring laser
diodes from the same wafer show significant variation in the crossover region.

38



2.4 Gain-Switching of Distributed Feedback Laser Diodes

Figure 2.19: Pulse shapes of laser C1336-6-3 020410 at different heat sink
temperatures. shaded: FP-modes, empty: DFB-modes, dashed: total pulse
shape. Top: Pulse shapes measured with streak camera, bottom: simulation
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T C1336-6-3 C1340-6-3
Meas. Sim. Meas. Sim.

290 K
Pmax [W] 1.17 ± 0.06 1.03 0.85 ± 0.04 0.94
EB/Ep 0.11 ± 0.10 0.00 0.89 ± 0.04 0.49

300 K
Pmax [W] 1.07 ± 0.05 1.00 0.86 ± 0.04 0.97
EB/Ep 0.52 ± 0.08 0.15 0.98 ± 0.01 0.91

310 K
Pmax [W] 1.11 ± 0.06 1.13 0.77 ± 0.04 0.78
EB/Ep 0.73 ± 0.03 0.86 0.99 ± 0.01 0.99

320 K
Pmax [W] 1.05 ± 0.05 1.00 0.71 ± 0.04 0.73
EB/Ep 0.89 ± 0.03 0.95 1.00 ± 0.00 1.00

330 K
Pmax [W] 1.05 ± 0.05 0.97 0.59 ± 0.03 0.68
EB/Ep 0.97 ± 0.01 0.97 1.00 ± 0.01 0.99

Table 2.4: Simulated and measured pulse peak powers and fraction of the
pulse energy in the Bragg mode for several device temperatures

2.4.4 Numerical Optimization of Distributed Feedback

Lasers for Gain-Switching

The good agreement between the presented model and the experimental pi-
cosecond dynamics of gain switched laser diodes allows predictions regarding
the optimum laser design for this application. Starting from the parameters
for wafer C1340-6-3, the influence of the Bragg coupling coefficient κ is in-
vestigated at 300 K (Fig. 2.20). This leads to a simultaneous variation of
the Petermann factor K and the internal photon losses α. The latter was
estimated from the presented experiments to be α0 ≈ 0.32 + 0.092κ. As
expected, lasers with higher coupling coefficient generate pulses with higher
spectral purity, but a lower peak power.

A variation of the resonator length at constant κ and constant peak cur-
rent density gives a similar result (Fig. 2.21). Longer laser diodes show higher
output power but lower spectral purity, even though κL increases. This leads
to lower facet losses for the Bragg mode. However, according to Eq. 2.4, the
facet losses for the Fabry-Pérot modes also decrease with resonator length.
For long laser diodes, the photon lifetime is therefore dominated by internal
losses and becomes more similar for the two photon species (Eq. 2.7). This
favors the FP-modes, since they have the higher modal gain. As shown ex-
perimentally, the wavelength difference Δλ0 between Bragg-wavelength and
gain maximum decisively influences the dynamic spectrum of gain switched
DFB lasers. Our model easily allows the variation of the Bragg wavelength
at constant device temperature (Fig. 2.22). For κ = 2.2 cm−1 a high spec-
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Figure 2.20: Simulation of gain switching at various coupling coefficients, K
and α0 were varied accordingly.

Figure 2.21: Simulation of gain switching with various diode lengths. Imax

was varied to keep the peak current density constant at 6140 Acm−1.
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Figure 2.22: Simulation of gain switching at various wavelength differences
between Bragg-wavelength and gain maximum. For Δλ0 > 0, the Bragg
wavelength is longer than the wavelength of maximum gain.

tral purity of EB/Ep ≥ 0.98 is obtained for -10 nm< Δλ0 <0 nm, when the
Bragg wavelength is shorter than the wavelength of the gain maximum. This
is in good agreement with previously published experimental results [122]. At
Δλ0 = −5 nm, a small coupling coefficient of κ = 1.2 cm−1 suffices to ensure
the desired spectral purity of EB/Ep = 0.98, and a peak power of 1.02 W is
reached in our simulation.

In this section, the picosecond spectral dynamics of gain switched DFB
lasers has been studied both experimentally and theoretically. In the ex-
periment, the influence of the device temperature has been investigated for
CW-optimized laser diodes. For a low coupling coefficient of κL = 0.14,
qualitatively different spectral dynamics is found at different temperatures.
At room temperature, the pulse is dominated by residual Fabry-Pérot modes
with a broad spectrum. A high spectral purity with 95% of the pulse energy
in the Bragg mode is only reached at a temperature of 330 K. At this setting,
pulses with a duration of less than 70 ps and a peak power of more than 1 W
have been generated.

Lasers with higher coupling coefficient of κL = 0.33 emit dynamically
single-mode at much lower temperatures. However, they also have a sig-
nificantly reduced peak power due to the higher facet reflectivity and higher
radiation losses from the second-order grating. At room temperature, the
peak power is 0.86 W at a spectral purity of EB/Ep = 0.98.

All these features are successfully simulated using a rate-equation model.
The excellent agreement enables the use of the model for further optimization
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of DFB lasers for the generation of intense narrow-band picosecond pulses.
Optimum values for the coupling coefficient (κ = 1.2 cm−1), the resonator
length (L = 1.5 mm), and the wavelength difference between gain maximum
and Bragg line (Δλ0 = −5 nm) are found. These should enable the genera-
tion of pulses with peak powers greater than 1 W at room temperature with
excellent spectral purity.
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Chapter 3

Optical Amplification of

Picosecond Pulses

3.1 Single-Pass Optical Amplification

As reported in the previous chapter, gain switched diode lasers find a wide
range of applications which require variable repetition rates and low-cost com-
pact light sources. However, pulses from gain switched ridge-waveguide lasers
typically have pulse energies below 100 pJ with peak powers up to 1 W. This is
not sufficient for a number of applications. In material processing, for exam-
ple, peak powers of at least several hundred watts are required [58]. Further-
more, nonlinear frequency conversion of infrared pulses allows the generation
of flexible picosecond laser pulses in the yellow-green gap, which are highly
needed in fluorescence lifetime spectroscopy [126]. In order to generate the
required pulse energies on the order of 100 pJ in the visible spectral range,
infrared input peak powers of several watts are typically required [127–129].

The most established method to generate such high peak powers is the
master oscillator-power amplifier (MOPA), consisting of a gain switched seed
laser diode and one or more amplification stages. The choice of the most
suitable setup and gain medium sensitively depends on the desired output
specifications, particularly on pulse repetition rate and peak power. This
section gives an introduction to laser amplifiers that are particularly suitable
for the amplification of variable pulse signals and compare different active
media which provide gain around 1060 nm.

3.1.1 Introduction to Laser Amplifiers

Optical power amplifiers are frequently used to separate the generation of
high optical power from the compliance with more specific requirements, such
as narrow linewidth [130], wavelength tunability [131], or picosecond pulsed
operation [63, 127, 132–136]. These “difficult” beam characteristics can be
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Figure 3.1: When the seed power Pseed of an amplifier is increased at constant
pump power, a saturation of the amplified output power Pout is observed.
This is equivalent to a decrease of the net gain Pout/Pseed. The input power
at which the saturated gain drops to half the small signal gain is called the
saturation power.

generated in a low-power seed laser, whose output is then amplified to higher
power while keeping the beam characteristics unchanged.

Most optical amplifiers are laser amplifiers [137–140], in which amplification
is based on stimulated emission. Accordingly, the same gain media as for
lasers are available. In addition to laser amplifiers, there also exist nonlinear
amplifiers such as optical parametric amplifiers [141] or Raman amplifiers
[142] that generate gain from different physical mechanisms. However, these
are mainly applied at wavelengths where laser gain media are unavailable, or
in optical telecommunication networks, in which the transmission fiber itself
can act as a Raman gain medium.

The net gain of an amplifier is defined as the ratio between output power
Pout and seed power Pseed. If the seed power Pseed of a laser amplifier is
small, the inversion of the gain medium remains approximately unchanged
after passage of the pulse and the gain is at its maximum. This is called the
small signal gain (Fig. 3.1). In this regime, the output power is limited by
the available seed power and cannot be increased by further pumping since
the energy stored in the gain medium is not extracted efficiently.

If the seed power is increased, the output power begins to saturate and
the net amplifier gain decreases [132, 133, 143, 144]. The saturation power is
defined as the seed power at which the saturated gain is half of the small signal
gain. In the saturated regime, a significant fraction of the stored energy is
extracted from the gain medium, and the output power depends strongly on
the pump power while the influence of the seed power is low.

Technologically, it is often desirable to run an optical amplifier in satura-
tion in order to maximize the wall-plug efficiency. However, inhomogeneous
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saturation over the beam cross section can lead to a deterioration of the beam
quality [145]. Similarly, if a pulsed signal is used, temporal variation of the
gain saturation can distort the pulse shape (see Fig 3.9 for an experimental
example).

Depending on the available seed and pump energies and the gain material,
several amplifier architectures are in wide use. In Single-pass amplifiers [137,
138], the seed signal traverses the gain medium only once. This architecture
is least sensitive in terms of alignment and is favorable for gain media with a
high small signal gain and a low saturation power. In this case, gain saturation
can be achieved in a single amplifier pass. Since the interaction time between
seed signal and gain medium is short, single-pass amplifiers are suitable for
high pulse repetition rates and CW signals, but the achievable net gain is
fairly low.

Higher in complexity are multi-pass amplifiers [139,141], in which a number
of folding mirrors sends the signal light through the gain medium multiple
times. For active media with low material gain (e.g. solid state laser crystals)
this can increase the net amplifier gain for pulsed signals. For maximum gain,
the pulse interval has to exceed the dwell time of one pulse in the amplifier,
which typically limits multi-pass amplifiers to megahertz repetition rates.

The complexity of the optical setup limits the number of passes achiev-
able with multi-pass amplifiers. For some applications, especially when the
stimulated emission cross section is low, this does not suffice to saturate the
amplifier. In this case, regenerative amplifiers [140] can achieve a very high
net gain for pulses with repetition rates in the kilohertz range. Here, the
amplifier gain medium is enclosed in an optical resonator. After pumping the
amplifier for a while, one seed pulse is coupled into the resonator, typically
using an electro-optical switch. The pulse is then allowed to cycle in the res-
onator until the gain is saturated, before it is switched out of the resonator.
This amplifier architecture is popular for the amplification of femtosecond
pulses with a Ti:Sapphire gain medium and allows the highest peak output
powers of several 10 GW [140].

Especially in laser amplifiers with high single-pass gain, weak parasitic re-
flections can cause self-lasing of the amplifier. This can severely damage the
amplifier components or the seed laser, especially if it occurs in the form of
short laser pulses. Even without parasitic reflectances, amplified spontaneous
emission (ASE) can extract a substantial amount of energy from the amplifier
and frequently limits the achievable energy storage [136,144]. If very high out-
put powers are required, it is often favorable to use multiple amplifier stages.
This allows the insertion of spectral filters or optical isolators between the
stages in order to prevent self-lasing and limit ASE [63,136].

This thesis contains a comparison two gain media that are well suited for
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single-pass operation at 1060 nm, namely a semiconductor tapered amplifier
and an ytterbium-doped fiber amplifier for the amplification of gain switched
picosecond pulses.

3.1.2 Gain Media at 1060 nm

Laser amplification at around 1060 nm is widely used for material processing
and for frequency conversion into the yellow-green spectral range. Application
is facilitated by the availability of several gain materials for this wavelength.
Neodymium-doped crystals such as Nd:YAG provide narrow-band gain at
specific wavelengths [146]. Due to the bulk crystal geometry, their single-
pass gain typically is fairly low, and they are frequently used in multi-pass
setups [139].

Neodymium- or ytterbium-doped glasses, on the other hand, have inhomo-
geneously broadened gain spectra, providing more flexibility in the choice of
the master oscillator. Moreover, they can be manufactured as single-mode
fibers, whose high photon density and long interaction length leads to a high
single-pass gain. Compared to neodymium, ytterbium has a lower quan-
tum defect, which lowers the thermal load on the material. Furthermore,
pump laser diodes are more efficient at the ytterbium pump wavelength of
975 nm than at the 808 nm required by Nd:glass. Therefore, ytterbium-doped
fibers are the medium of choice for high-gain, high-power fiber amplifiers at
1060 nm [147].

In addition, semiconductor quantum well structures can provide high gain
at around 1060 nm with high flexibility regarding the center wavelength (Sec.
2.1.1.1).

3.1.2.1 Ytterbium-doped Optical Fibers

Fiber amplifiers consist of a length of optical fiber doped with rare earth
ions. At 1060 nm, the most common dopant is Yb3+, which has a broad
peak in its emission spectrum around 1030 nm (Fig. 3.2). Yb:glass requires
optical pumping, ideally around the absorption maximum at 976 nm. It can
be implemented longitudinally as either core- or cladding-pumping [148], or
occasionally in a transverse geometry, using laser diodes as the pump source.

Using a multi-stage setup combining core and cladding pumping, a peak
power of 250 kW has been reached at 500 kHz starting from a gain switched
laser diode as seed [149]. Using an ytterbium-doped photonic crystal fiber for
an even larger mode area, pulses with a duration of 110 fs and a peak power
of 150 MW have been generated at 1 MHz repetition rate [150]
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Figure 3.2: Absorption (solid)
and emission (dotted) spectra of
Yb3+ in germanosilicate glass.
Image taken from [137].

As compared to semiconductor gain media or bulk ytterbium-doped sys-
tems, fiber amplifiers can show a very high total gain of up to several tens of
decibels [137,151]. This is due to the fiber geometry, which allows high photon
densities over a large interaction length. In order to avoid destructive self-
lasing, fiber amplifiers typically consist of a chain of lower-gain amplifiers with
optical isolators and/or ASE filters in-between. In addition, many high-gain
ytterbium-doped fiber amplifiers (YDFAs) contain an electronic interlock to
ensure that the amplifier can only be pumped when the seed light is present.

An advantage of ytterbium doped gain media for the amplification of laser
pulses is the long upper state lifetime of about 1 ms [151]. This means that
large energies of several microjoule can be stored in a single-mode fiber, and
long intervals between seed pulses are acceptable. However, for the megahertz
repetition rates required for fluorescence lifetime spectroscopy, pulse intervals
are more than four orders of magnitude smaller than the time constant of
spontaneous emission. This means that the gain cannot recover completely
in-between pulses and depends on the pulse repetition rate [152]. On the
other hand, the ASE power generated in the pulse intervals is low, so the
requirements for ASE suppression are less stringent for megahertz signals
(Sec. 3.2.1).

A typical problem in highly ytterbium-doped fibers is photodarkening, a
rise in absorption centered at visible wavelengths that is induced by the pump
light. Investigation into the causes of photodarkening is ongoing, but changes
in the chemical bonds in clusters of ytterbium ions seem to play a role [153,
154]. Photodarkening can be reduced by suitable fiber production processes
that ensure a very homogeneous distribution of the ytterbium ions in the
glass host [153]. Although reversal of photodarkening by heating [155] or
illumination with ultraviolet light [156] is possible, practical fiber amplifier
systems usually treat photodarkening as part of the burn-in process.
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Figure 3.3: Lateral layouts of semiconductor optical amplifiers

Nonlinearities in fiber amplifiers are mainly due to self-phase modulation
and stimulated Raman scattering. In single-mode fibers with a mode-field
diameter of few micrometers, nonlinear processes become relevant at peak
powers in the kilowatt range [157].

3.1.2.2 Semiconductor Quantum Wells

Just as for laser diodes, the gain medium of modern edge-emitting semi-
conductor optical amplifiers (SOAs) consists of one or more quantum wells
embedded in a vertical waveguide structure (Sec. 2.1.1). In contrast to semi-
conductor lasers, both facets have to be anti-reflection (AR) coated and pos-
sibly cut at an angle in order to avoid parasitic feedback into the amplifier.
Semiconductor amplifiers have the same advantages as laser diodes, namely
a compact size, no moving parts, and the possibility for electrical pumping.
They can also be produced from the same wafer as the seed laser, ensuring
perfectly matched gain spectra.

Different lateral layouts are advantageous depending on the application
(Fig. 3.3). Ridge-waveguide amplifiers guide light in a single transverse mode,
so the amplified beam has a very high quality. However, due to the small active
volume, only low net gains of below 10 dB can be reached [136]. Furthermore,
the facet load is high and the saturation power low [133,143,158], limiting the
maximum output power. These properties make ridge-waveguide amplifiers
primarily suitable as pre-amplifiers in multi-stage systems, or for low-power
applications such as telecommunications.

The active region of broad-area amplifiers has a lateral extension of 30–
500�m and only weak gain guiding is present in this direction. Ideally, the
seed beam has to be astigmatic, such that the focus in vertical direction is
on the front facet of the amplifier while the focus in lateral direction is in the
center of the amplifier. This will allow the beam to be guided in the vertical
waveguide and optimize the overlap with the pumped area in lateral direction.
Still, large parts of the pumped area will not be depleted by the seed beam
and cause ASE and device heating. The resulting thermal lensing [159, 160]
and filamentation [161] leads to a degradation of the beam quality. On the
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other hand, the large volume of the active zone allows for high net gains of
above 20 dB if thermal problems can be avoided [162].

Semiconductor tapered amplifiers [138] allow a compromise between the
aforementioned geometries. Similar to broad-area lasers, the active volume is
large and high gains of above 20 dB [163] and saturation energies above 100 pJ
can be reached [134]. Modern tapered amplifiers include an RW section that
acts as a mode filter and pre-amplifier for the incoming seed. The geometry
of the subsequent tapered section follows the free-space expansion of the RW
mode, thus optimizing the overlap with the pumped volume. This reduces
thermal load and increases the beam quality of the amplified output beam.
5.5 W of CW output power have been reached at a beam quality of M2 = 1.5
[164], making tapered amplifiers an excellent high-brightness laser source.

In contrast to ytterbium-doped gain media, semiconductor optical ampli-
fiers have a short upper-state lifetime of few nanoseconds [165]. Therefore, for
seed pulse repetition rates in the megahertz range, a significant proportion
of excited electrons will recombine spontaneously in the pulse intervals and
produce a CW background of amplified spontaneous emission. On the other
hand, the short time scale of the dynamical processes enables the amplifier to
reach equilibrium within each seed pulse interval [136, 152]. For this reason,
the amplified pulse energy is expected to be independent of the repetition rate
and the exact pulse arrival time for repetition rates in the megahertz range.

Semiconductor amplifiers also suffer from the same nonlinearities as pulsed
laser diodes when used with laser pulses, especially spectral hole burning and
carrier heating. For picosecond pulses, these gain compression mechanisms
typically become relevant at peak powers of a few watts [158,166,167].

In this section, various amplifier geometries and gain media have been pre-
sented. For high-gain materials, amplifiers in single-pass geometry are suitable
and offer great flexibility for the seed signal. However, care has to be taken
to suppress parasitic lasing arising from small feedback into the amplifier.

Attractive gain media in the spectral range around 1060 nm are ytterbium-
doped fibers and semiconductor tapers. The former have to be optically
pumped and have a long upper-state lifetime of about 1 ms. This means that
the gain will depend on the signal repetition rate in the megahertz range.
The semiconductor medium, on the other hand, has an upper-state lifetime
of only few nanoseconds. Therefore, it should perform independently of the
repetition rate, but the gain will be limited due to ASE.
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Figure 3.4: Setup of the ytterbium-doped fiber amplifier studied in this thesis

3.2 Optical Amplification of Picosecond

Pulses

This section compares two amplifier technologies, an ytterbium-doped fiber
and a semiconductor taper, regarding their suitability to amplify sub-100 ps
pulses.

The presence of ASE in the pulse intervals makes the determination of
the amplified pulse energy not straightforward. Spectral discrimination is
possible, but reaches good precision only when several signal repetition rates
are considered, as demonstrated for the semiconductor tapered amplifier.

3.2.1 Ytterbium-doped Fiber Amplifiers

As an example of an ytterbium-doped fiber amplifier, a single stage core-
pumped design is studied (Fig. 3.4). The active medium consists of 50 cm
of highly ytterbium-doped double-clad polarization-maintaining fiber, with a
mode field diameter of 6�m. To exclude the effects of photodarkening, the
fiber was aged for several hours before the pulse amplification experiments.

The pump diode is a commercial Fabry-Pérot laser diode which emits a
maximum of 500 mW at 975 nm in a single transverse mode. It is packaged in
a butterfly housing and butt-coupled to a fiber Bragg grating (FBG) to ensure
wavelength stability. The housing temperature is kept constant at 295 K. The
seed pulses are generated by a laser diode from wafer C1336-6-3 at 325 K (see
Sec. 2.1.3 and 2.4) at repetition rates between 2.5 MHz and 80MHz. They
have a duration of (53 ± 5) ps FWHM, an energy of (115 ± 3) pJ and a peak
power of (0.71 ± 0.06)W with more than 95% of the pulse energy emitted in
a single longitudinal mode at 1067.04 nm.

The pump light and the seed pulses are combined in a wavelength division
multiplexer (WDM) and coupled into the active fiber in a forward-pumping
scheme (Fig. 3.4). The coupled pump power reaches a maximum of (445 ±
15)mW. The seed pulses are coupled into the WDM using a free-space setup
consisting of a 8 mm asphere, a two-stage optical isolator and a Schäfter-und-
Kirchhoff fiber coupler. Behind the isolator, a pulse energy of 102 pJ and a
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Figure 3.5: Amplification of picosecond pulses using a single-stage core-
pumped YDFA. Left: Pulse shape before and after amplification with a cou-
pled pump power Ppump = 445 mW. Right: Average output power as a func-
tion of seed pulse repetition rate for various pump powers. Repetition rate 0
corresponds to the output of the unseeded amplifier (ASE).

peak power of (0.63 ± 0.04)W were measured. The measurement equipment
is described in Sec. 2.4.2.

At a repetition rate of 5 MHz and a coupled pump power of (445±15)mW,
this setup generates an amplified pulse energy of approximately (1.50 ±
0.05) nJ with a peak power of (8.3±0.5)W. This corresponds to a net gain of
10.7 dB. The pulse shape remains nearly unchanged during amplification (Fig.
3.5, left), indicating that the amplifier is not saturated by the seed pulses. At
this setting, the amplifier emits (18.6± 0.6)mW of ASE when left unseeded.

When the seed pulse repetition rate is increased, the average output power
of the fiber amplifier rises less than linearly (Fig. 3.5, right). Here, repetition
rate 0 corresponds to the unseeded amplifier. This behavior can be observed
even at low pump currents at which the ASE power of the unseeded amplifier
is below 1 mW. This means that the sublinear increase in total power is indeed
due to a lower amplified pulse energy and not only to a decrease in ASE power.
This is caused by incomplete gain recovery in the seed pulse intervals [132],
as expected for a gain medium with a long upper state lifetime.

Using cladding pumping or multi-stage setups, much higher gain can be
achieved in ytterbium-doped fiber amplifiers [168]. However, the qualitative
features seen in this work remain valid, namely that gain recovery depends on
the repetition rate in the megahertz range, and that gain switched seed pulses
with peak powers below 1 W cannot saturate an ytterbium doped fiber.
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Figure 3.6: Setup of the semiconductor MOPA. The power amplifier consists
of a ridge-waveguide (RW) and a taper (TP) section that can be pumped
separately.

3.2.2 Semiconductor Tapered Amplifiers

Compared to fiber amplifiers, semiconductor amplifiers show the greater po-
tential for miniaturization and their performance promises to be independent
of the seed pulse repetition rate in the megahertz range due to their short
upper state lifetime (Sec. 3.1.2.2).

3.2.2.1 Setup

In this work, a double quantum well InGaAs/ GaAsP traveling-wave optical
amplifier (B1070-3 020312) is used. It consists of a 1 mm long ridge-waveguide
(RW) part and a tapered (TP) section of 3 mm length with an taper angle
of 6◦. The RW and the tapered section have separate electrical contacts
and can be pumped with different currents IRW and ITP (see Fig. 3.6). For
easier access to the metalization pads, the amplifier is mounted p-side-up,
which, however, leads to lower heat dissipation. To avoid thermal rollover,
the amplifier was kept at a constant temperature of 293 K and a maximum
taper current of 3.9 A is used. At this temperature, the gain maximum is at
1068.5 nm.

In preparation of the following miniaturization experiments (Sec. 3.3), a
seed diode from wafer C1340-6-3 (Sec. 2.1.3 and 2.4) at 325 K is used with
this amplifier. It generates pulses with a duration of (39 ± 5) ps, an energy
of (105 ± 4) pJ and a peak power of (620 ± 30)mW. More than 99% of the
pulse energy are emitted in a single longitudinal mode centered at 1063.02 nm.
For comparison with the YDFA, experiments are also performed using a seed
laser diode from wafer C1336-6-3 with similar results (Summary see Tab.
3.1). Again, repetition rates in the range between 2.5 MHz and 80 MHz are
considered.

The cross section area of the amplifier ridge waveguide is larger than that
of the seed laser diode at 2.7�m×3.0�m. This ensures good input coupling
using a one-to-one imaging setup. The light from the master oscillator (MO)
is collimated with an aspheric lens with 8 mm focal length, passed through
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Figure 3.7: Average output power of the semiconductor MOPA using a seed
diode from wafer C1340-6-3. Left: As a function of seed pulse repetition rate
at IRW = 10 mA and various taper currents. Repetition rate 0 signifies the
unseeded amplifier. Solid lines are linear fits. Right: as a function of RW
section current at ITP = 3.25 A and 40 MHz repetition rate. The amplified
pulse power saturates above transparency. Lines are guides to the eye.

a two-stage optical isolator and focused into the ridge waveguide part of the
power amplifier (PA) with another 8 mm asphere. After passage through the
optical isolator, the seed pulse energy is (71 ± 0.02) pJ and the peak pulse
power (0.42 ± 0.03)W for the seed laser diode from wafer C1336-6-3.

Following the theoretical treatment given in [158], the saturation energy for
the RW section of our amplifier is calculated to be approximately 2 pJ, much
smaller than the effective seed pulse energy of (71 ± 0.02) pJ. The tapered
section has a saturation energy of approximately 120 pJ. The measurement
devices are described in Sec. 2.4.2.

3.2.2.2 Pulse Shape and Energy

Due to the short upper-state lifetime in semiconductor amplifiers (Sec.
3.1.2.2), the amplified pulse energy Ep is expected to be independent of the
seed pulse repetition rate. Since the amplifier runs in saturation, its gain is
depleted after the passage of a signal pulse, and the ASE power is reduced
for a short period of time (see inset in Fig. 3.8). If this reduction ΔEASE is
also independent of the repetition rate, the average amplifier output power
increases linearly with the pulse repetition rate frep:

Pout = PASE + frep · (Ep − ΔEASE),

where PASE is the output power of the unseeded amplifier.
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Figure 3.8: Amplification of picosecond pulses (wafer C1340-6-3) using a SOA
at IRW=10 mA, ITP=3.25 A. Left: Amplifier output spectra. Black: unseeded
amplifier, red: amplifier seeded at 80 MHz. Note the decreased ASE of the
seeded amplifier. Right: ASE power PASE − frepΔEASE as a function of seed
pulse repetition rate as determined by spectral integration. Inset: After pas-
sage of a seed pulse (blue) the amplifier gain is depleted and ASE power (red)
decreases temporarily. Averaged ASE power is thus anti-proportional to the
seed pulse repetition rate.

This is confirmed by the experiment for both seed lasers and a variety of
pump currents (Fig. 3.7 left). Again, repetition rate 0 corresponds to the
unseeded amplifier. The RW section current of 10 mA was chosen to be close
to the transparency current. Above transparency, the amplified pulse energy
saturates (Fig. 3.7 right) and the output pulse energy only depends on the
taper current. This indicates that each incoming pulse fully depletes the taper
section gain even if the RW section is close to transparency.

The increase in total amplifier output power for RW currents above trans-
parency is entirely due to an undesirable increase in ASE. For RW currents
above 50 mA and ITP = 3.25A, the unseeded amplifier exhibits parasitic las-
ing, as observed in spectral measurements.

The slope of the amplifier output power as a function of the seed pulse
repetition rate is a measure for the amplified pulse energy. Using the seed laser
from wafer C1340-6-3, a slope Ep − ΔEASE = (1.88 ± 0.06) nJ was measured
for a taper current of 3.25 A. Clearly, this is only a lower bound for the true
pulse energy [135]. The contribution of ΔEASE can be estimated from the
amplifier output spectrum. Since the ASE has a spectral width of 22.5 nm
FWHM with its peak at 1061.5 nm, its spectrum is flat over the width of the
signal line (see Fig. 3.8 left). By replacing the signal peak by a horizontal
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Figure 3.9: Normalized pulse shape before
and after amplification with the SOA us-
ing a seed diode from wafer C1340-6-3
at IRW=10 mA, ITP =3.25 A. The lead-
ing peak suffices to deplete the amplifier
gain and is over-represented in the ampli-
fied pulse shape.

line, the ASE power can be estimated under seeded conditions. This approach
neglects possible spectral hole burning, which seems justified since no dips in
the ASE spectrum can be observed next to the signal line.

As expected, the ASE power of the seeded amplifier decreases linearly with
the pulse repetition rate (Fig. 3.8 right). A linear fit yields a value of ΔEASE =
(77 ± 17) pJ for the reduction in ASE after amplification of one seed pulse.
By adding this to the measured slope of Ep − ΔEASE = (1.88 ± 0.06) nJ, a
true pulse energy of (1.96 ± 0.06) nJ is obtained.

At IRW = 10 mA and ITP = 3.93 A, a record pulse energy of (3.13±0.09) nJ
is measured, limited by device heating. This exceeds all previous results from
single-stage semiconductor MOPAs by more than a factor of two [63,127,135].

During amplification, the pulse spectrum remains unchanged, and 73% or
(1.43 ± 0.07) nJ of pulse energy are contained in the central 200 pm of the
spectrum.

The saturation of the amplifier leads to pulse deformation because the lead-
ing edge of the pulse experiences higher gain than the pulse tail (Sec. 3.1.1).
For our gain switched seed pulses, this effectively suppresses the afterpulse
(Fig. 3.9). The pulse length remains constant during amplification at about
40 ps FWHM. This results in a peak power of (28 ± 2)W at ITP = 3.93 A,
corresponding to a gain of 18.2 dB. Output pulse shapes are nearly indepen-
dent of the taper pump current. Using the seed diode from wafer C1336-6-3,
a pulse energy of (1.40 ± 0.04) nJ and a peak power of (16.1 ± 1.0)W are
obtained at IRW = 100 mA and ITP = 2 A with a similar improvement of the
pulse shape.

At IRW=10 mA and ITP=3.93 A, the ASE background of the unseeded laser
is (170±5)mW. This corresponds to a pulse extinction ratio of approximately
22 dB. However, for applications in time-resolved fluorescence, pulse contrast
should exceed 40 dB in order to minimize noise on the fluorescence signal. This
is easily achieved for SHG-based green pulse sources since the second harmonic
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Amplifier Semiconductor Taper Yb-doped Fiber
Seed laser C1336-6-3 C1340-6-3 C1336-6-3
Seed pulse energy 102 pJ 71 pJ 102 pJ
Seed peak power 0.63 W 0.42 W 0.63 W
Pump settings IRW = 100 mA IRW = 10 mA Core pumping

ITP = 2.0 A ITP = 3.93 A 490 mA @ 975 nm
ASE (unseeded) 53 mW 170 mW 19 mW
Output pulse energy 1.40 nJ 3.13 nJ 1.50 nJ
Output peak power 16.1 W 28 W 8.3 W
Vert. beam quality M2 = 1.5 M2 < 1.2
Horiz. beam quality M2 ≈ 6 M2 < 1.2
Miniaturization Yes Moderately
Power scaling No Yes, up to �J
Pulse shape Suppression of afterpulse Unchanged
Gain depends on
MHz rep. rate

No Yes

Table 3.1: Overview of amplifier performance with gain switched seed

power depends on the square of the instantaneous fundamental power. Using
the presented infrared pulse trains as fundamental, an extinction ratio better
than 44 dB is expected for the green pulse source.

Using a bandpass filter with a transmission window of 1 nm FWHM, the
beam quality of the pulsed amplifier can be measured almost independently
of the ASE. Determining the beam diameter through the second moments of
the beam profile, the beam propagation factor is measured to be M2 = 1.8 in
vertical direction, and M2 ≈ 6 in lateral direction. The lateral beam quality
depends quite strongly on the coupling of the seed light, poor coupling not only
reduces the amplified output power but also the beam quality. In contrast,
the lateral beam quality of the ASE is M2 ≈ 40.

3.2.3 Comparison of Amplifier Technologies

In conclusion, both amplifier types have their specific advantages and disad-
vantages. The semiconductor tapered amplifier performs independent of the
repetition rate in the megahertz range, improves the seed pulse shape and is
very suitable for miniaturization. On the other hand, achievable output pulse
energies are limited to few nanojoules due to the low saturation energy on the
order of 100 pJ, and beam quality is often not diffraction limited.
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for power scaling due to their much higher saturation energy. With multi-
stage setups, pulse energies in the microjoule range have been reached [150].
However, the gain in ytterbium-doped fiber amplifiers depends on the signal
repetition rate in the megahertz range, with higher output pulse energies at
lower repetition rate. The signal pulse shape generally remains unchanged in
the first amplifier stage.

For an overview of the properties and output parameters of the amplifiers
discussed in this thesis, see Tab. 3.1.
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3.3 Miniaturization

As for other technical devices, the miniaturization of laser sources has been the
objective of substantial development efforts for many years [12, 13, 169, 170].
Not only do compact light sources more readily find application as parts of
larger systems or as portable devices, they are also frequently mechanically
and thermally more stable and cheaper to manufacture [12, 85].

Semiconductor lasers and amplifiers are particularly suitable for miniatur-
ization because individual chips have a very small footprint. Furthermore,
they can be electrically pumped, which minimizes the necessary number of
optical elements. In this section, two types of compact semiconductor MOPAs
are studied: the hybrid integrated semiconductor MOPA, in which micro-
lenses are used to couple the master oscillator and the power amplifier on a
micro-optical bench, and the monolithic semiconductor MOPA, which consists
only of a single active element.

3.3.1 Hybrid Integrated Semiconductor Master

Oscillator Power Amplifiers

Starting from a tabletop MOPA setup (Sec. 3.2.2), the most straightforward
idea of miniaturization is to bring the master oscillator (MO) and the power
amplifier (PA) close together and accomplish the optical coupling with micro-
lenses. This allows the use of the same active elements as in the tabletop setup
(Sec. 3.2.2) and makes the results directly comparable. Since a one-to-one
imaging is necessary for good optical coupling, a single graded-index (GRIN)
lens [171] is used (Fig. 3.10). Compared to an optical system consisting of
multiple conventional lenses, such a setup contains fewer optical components
and requires fewer assembly steps, making the finished module more robust
and economical. However, an imaging system consisting of a single GRIN
lens cannot contain an optical isolator. The challenge of this setup therefore
is the suppression of spurious feedback using anti-reflection coatings only. In
CW operation, this has been accomplished previously, and an output power
of 4.5 W has been generated on a footprint of 2.5×2.5 cm2 [169]. However, the
suppression of parasitic reflections is more critical in pulsed operation, when
the pulse intervals are long compared to the spontaneous emission lifetime
(Sec. 3.1.2.2).

3.3.1.1 Setup and Assembly

For direct comparison to the tabletop setup (Sec. 3.2.2), our hybrid integrated
picosecond MOPA contains the same active elements. The master oscillator
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Figure 3.10: Scale drawing of the setup of the hybrid integrated semiconduc-
tor MOPA. Beam shaping optics are included on the micro-optical bench,
consisting of a fast axis collimator (FAC) and a slow axis collimator (SAC).

Figure 3.11: Bond schemes for the hybrid integrated MOPAs on CCP. Left:
Shared ground contact for master oscillator and power amplifier. Right: Sep-
arate ground contacts for master oscillator and power amplifier.

is a 1.5 mm long DFB laser from wafer C1340-6-3, and the tapered amplifier
from wafer B1070-3 has a total length of 4 mm. Different taper angles and
taper lengths were studied (Tab. 3.2).

In the vertical direction, the beam heights of the active elements have to
be carefully chosen. The beam height of the fast axis collimator can be varied
only slightly by adjusting the glue thickness. To match its beam height of
(550 ± 20)�m, the tapered amplifier is mounted p-side-up on a 400�m thick
AlN submount with a gold contact layer (Fig. 3.10 b). The GRIN lens can
compensate for height differences between master oscillator and amplifier, but
again, the height of its optical axis is fixed at (450 ± 20)�m . Accordingly,
the master oscillator is mounted p-side-up on a CuW submount of 250�m
thickness. Both active elements are soldered onto a AlN micro-optical bench
of size 5×25 mm2 using a FC150 flip-chip bonder. This way, the distance
between master oscillator and power amplifier can be precisely adjusted to
(4737±1)�m, which is the distance of the focal planes of the GRIN lens. The
micro-optical bench is then mounted on a conduction cooled package (CCP).
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Figure 3.12: Hybrid integrated MOPA on a conductively cooled package
(CCP) with an edge length of 2.5 cm. Left: Top view. From top to bot-
tom: master oscillator, GRIN lens, power amplifier, FAC, SAC. Right: Front
view including the pumping electronics on a circuit board attached to the
CCP.

tact for both active elements. In this case, the top of the AlN submount is
connected to the micro-optical bench with bond wires (Fig. 3.11 left). In a
second setup, the bench acts as the ground contact for the master oscillator,
but the surface of the amplifier submount is connected to a separate bond
pad as ground contact of the power amplifier (Fig. 3.11 right). In both cases,
separate pump contacts are supplied for the master oscillator, the RW section
of the amplifier, and the tapered section, similar to the tabletop setup. The
gain switching pump driver is placed on a custom circuit board that can be
attached to the top of the CCP (Fig. 3.12 right).

After the active elements are mounted, the passive elements can be assem-
bled. For simpler monitoring of the amplifier output, an Ingenerics FAC08-
600-XB-01 lens with a focus length of 0.6 mm is first assembled as the fast
axis collimator (FAC). Since the vertical beam quality and divergence of the
amplified signal and the amplifier ASE are equal, the FAC can be adjusted
with reference to the unseeded amplifier output. All lenses are positioned
using vacuum tweezers and a Physik Instrumente F-206.S hexapod and glued
to the micro-optical bench using Norland NOA88 UV-curing glue. When
positioning the lenses, the glue shrinkage has to be taken into account.

Then, an Ingenerics CYL-PL-CX lens is positioned as the slow axis colli-
mator (SAC). Its focal length is 2.67 mm for the 3 mm long tapers and 3.0 mm
for the 3.5 mm long tapers. However, the SAC is not yet glued on because
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CCP No. Taper M2 max. Pout

vert. lat.
428 3.5 mm, 6◦ 2.6 6.8 1.94 W
430 3 mm, 6◦ 2.0 5.5 2.25 W
436 3 mm, 4◦ 2.3 7.2 2.45 W

Table 3.2: Maximum CW output powers and beam qualities of the hybrid
integrated MOPAs at 295 K.

The coupling of seed laser and amplifier is accomplished with a Grintech
GT-LFRL-100-cus-50 lens with custom anti-reflection coatings for 1064 nm.
It has a length of 4.417 mm and a diameter of 1 mm. The optimum working
distance is 160�m from the facets. In order to optimize the coupling, the
GRIN lens has to be adjusted while both the master oscillator and the power
amplifier are running. This is done in CW operation since our gain switching
circuit board prevents access to the micro-optical bench. The lens position
is optimized for maximum output power at narrow spectral linewidth. The
required accuracy perpendicular to the optical axis is ±1�m [169], but higher
deviations are tolerable along the optical axis. This can be achieved using the
hexapod mounting system. Finally, the position of the SAC is re-adjusted
and it is glued to the micro-optical bench. See Fig. 3.12 for photographs of
the finished modules.

During the experiments, the temperature of the CCP is kept constant. This
means that the seed laser and the amplifier have the same temperature, in
contrast to the table-top setup. In preparation, the performance of the table-
top MOPA was evaluated with both elements at a temperature of 300 K.
This yielded very similar results to those described in Sec. 3.2.2.2. The
measurement setups are described in Sec. 2.4.2.

3.3.1.2 Results

Hybrid integrated MOPAs have been assembled using amplifiers with three
different taper geometries (Tab. 3.2). In CW operation, all of them reach
an output power of more than 1.9 W on the Bragg line. However, the beam
quality is lower than that of the tabletop system, indicating non-optimum
coupling.

Since the pulse intervals of our desired megahertz seed signal are much
longer than the time constant of the spontaneous emission, parasitic lasing
can be studied in CW operation. Therefore, the amplifier output power is
measured as a function of taper current for different pump currents through
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Figure 3.13: CW output power of am-
plifier 430 at 295 K for different RW
and seed currents. The amplifier shows
parasitic lasing even at IMO = IRW =
0 mA.

Figure 3.14: Gain switching of a hybrid integrated MOPA. Left: average out-
put spectra. Right: pulse shape. Around the self-lasing threshold, broad
afterpulses appear 1.5 ns after the signal pulse.

the seed laser and the amplifier RW section (Fig. 3.13). Unfortunately, all
amplifiers show self-lasing even at IMO = IRW = 0 mA, where the RW section
acts as an absorber. This means that the ASE from the tapered section is able
to pump the amplifier RW section transparent and precludes the possibility
to prevent self-lasing by pulsing the amplifier RW section. Even a reverse bias
current applied to the RW section can not prevent self-lasing. The self-lasing
threshold is not influenced by the beam shaping lenses.

The reflection from the facet of the GRIN lens can not be substantially
reduced by placing the lens at an angle. An ABCD-matrix calculation [172]
shows that a tilt angle of 5◦ still allows good coupling. At a beam divergence
of 33◦ (half angle, 1/e2) in lateral direction, this reduces feedback only by 8%.
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Figure 3.15: Gain-switched pulses from
a hybrid integrated MOPA with two
different electrical contact schemes
(Fig. 3.11). A separation of the
ground contacts for seed laser and am-
plifier suppresses the broad afterpulse
observed for a shared ground contact.

many spectral modes are visible even for moderate taper currents. For ex-
ample, for amplifier 430 in configuration 1 with shared ground contacts, the
output is spectrally broad for IRW = 10 mA and ITP = 2 A (Fig. 3.14 left).
As soon as multiple modes appear in the output spectrum, the pulse shape
consists of the signal pulse followed after approximately 1.5 ns by another
intense pulse that is much broader (Fig. 3.14 right). If the amplitude of
the gain switching pump pulse is decreased, the signal pulse disappears first,
while the broad afterpulse remains. A measurement of the spectrum in this
situation shows that the signal pulse is spectrally narrow while the second
pulse is spectrally broad.

The broad afterpulse can be explained by electrical cross-talk from the DFB
seed laser onto the amplifier RW section. If the amplifier is close to the self-
lasing threshold, even a small crosstalk can trigger a gain switching pulse in
the amplifier. Its broad spectrum is typical for gain switched Fabry-Pérot
resonators [67, 76, 99, 121], formed here probably by the front facet of the
amplifier and the front facet of the DFB laser.

The electrical crosstalk can be suppressed by separating the ground contacts
for seed laser and amplifier (Fig. 3.11.2 and 3.15). However, the self-lasing
threshold does not change. For separate ground contacts, the gradual switch-
on of the ASE can be observed after the signal pulse (Fig. 3.15). Below the
self-lasing threshold the average output spectrum is confined to the Bragg line
and a maximum amplified pulse energy of only (0.33 ± 0.01) nJ is reached at
IRW = 10 mA and ITP = 1.5 A.

In conclusion, the hybrid integrated MOPAs coupled with a single GRIN
lens have a poor performance compared to the tabletop system containing
the same active elements. This is due to the lack of an optical isolator in the
miniaturized setup. The resulting feedback suffices to enable parasitic lasing
of the amplifier at pump currents as low as IRW = 10 mA and ITP = 2 A.
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Figure 3.16: Layout of the monolithic master oscillator power amplifiers. The
devices consist of three sections: DFB master oscillator (1mm), RW pre-
amplifier (1 mm) and tapered amplifier (2 mm, 6◦). Both facets are anti-
reflection coated. The MOPA is mounted together with the beam shaping
lenses on a micro-optical bench on CCP (edge length 25 mm)

Below the self-lasing threshold, only moderate pulse energies up to 0.33 nJ
can be achieved.

Since the poor performance of the hybrid integrated MOPAs is mainly
due to parasitic lasing, it can probably be improved substantially by using a
coupling lens system that includes a miniature optical isolator. However, good
amplification performance can also be achieved with monolithically integrated
master-oscillator power-amplifiers, which are additionally more robust. This
is described in the following section.

3.3.2 Monolithic Semiconductor Master Oscillator

Power Amplifiers

In contrast to a hybrid integrated master oscillator power amplifier, a mono-
lithic MOPA consists only of a single semiconductor device with three sections
(Fig. 3.16). The first DFB section acts as the gain switched master oscillator.
The second ridge-waveguide section contains no grating and functions as a
pre-amplifier and mode-filter for spurious backward-propagating light. The
third section has a taper layout and is the main power amplifier. As in the
table-top (Sec. 3.2.2) and hybrid integrated MOPAs (Sec. 3.3.1), the DFB
section is gain switched, and the RW and tapered sections are pumped with
DC current.

The devices from wafers C1737-6-3 and C1741-6-2 studied in this thesis
consist of a 1 mm long DFB master oscillator section followed by a 1 mm long
RW section and a 2 mm long tapered section with a taper angle of 6◦. The
active region consists of two compressively strained quantum wells embedded
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Figure 3.17: CW output power of monolithic MOPAs as a function of taper
current at 295 K. Left: Wafer C1741-6-2: No parasitic lasing if IMO = 0 mA.
Right: Wafer C1737-6-3: Parasitic lasing for IMO = 0 mA, IRW = 200 mA.

in a 4.8�m thick asymmetric super-large optical cavity vertical waveguide.
The ridge waveguide has a width of 4.6�m. The wafers differ in the DFB
coupling coefficient κ, which is 2.5 cm−1 for wafer C1737-6-3 and κ = 10 cm−1

for wafer C1741-6-2 [173].

In contrast to a tapered laser, both facets of a monolithic MOPA are anti-
reflection coated [138]. A reflectivity on the back facet would not qualitatively
change the behavior of the master oscillator section, but it would provide
feedback to any backward propagating light that is not confined to the ridge.
Just as in the case of the hybrid integrated MOPA, the absence of any spurious
reflectivities at the section interfaces or at the facets is vital for the suppression
of self-lasing. This depends on details of laser layout, such as the grating phase
at the facets and the quality of the anti-reflection coating.

All monolithic MOPAs are mounted on micro-optical benches on a CCP.
Beam shaping optics consisting of a fast-axis collimator and a slow-axis colli-
mator are glued in front of the amplifier output facet (Sec. 3.3.1.1). The bond
scheme is analogous to that depicted in Fig. 3.11a for the hybrid integrated
MOPAs, and the same driver circuit board is used (Fig. 3.12 right).

The best gain switching results have been achieved with monolithic MOPAs
from wafer C1741-6-2, which have the highest self-lasing threshold. In order to
determine the parameters at which self-lasing occurs, the CW output power of
the monolithic MOPAs is studied(Fig. 3.17). For devices from wafer C1741-6-
2, no parasitic lasing can be observed even at an RW current of 350 mA and a
taper current of 4 A. If the master oscillator section is gain switched, thermal
rollover occurs at lower currents than parasitic lasing. In contrast, for wafer
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Figure 3.18: Gain-switching of monolithic MOPA C1741-6-2 020201 at 295 K.
Left: Pulse shape at optimum pump settings of IRW = 350 mA and ITP =
2.5 A. Right: average output spectrum at IRW = 350 mA and ITP = 4.0 A. No
self-lasing is visible if the DFB section is unpumped.

As the CW characteristics suggest, MOPAs from wafer C1741-6-2 are in-
deed suitable for the generation of high-power picosecond pulses with narrow
spectral width (Fig. 3.18). At IRW = 350 mA and ITP = 2.5 A pulses with
a peak power of (19 ± 1)W have been achieved. They have a pulse energy
of (3.2 ± 0.1) nJ and a duration of (110 ± 5) ps, slightly longer than those
generated by the table-top MOPA (Sec. 3.2.2.2). However, the lateral beam
quality of the monolithic devices is significantly better, at M2 = 2.6. The av-
erage side-mode suppression ratio is more than 30 dB. This makes the pulses
generated by the monolithic MOPAs of wafer C1741-6-2 excellently suited for
second harmonic generation (Sec. 4.3).

The monolithic MOPAs from wafer C1737-6-3, on the other hand, show
qualitatively similar behavior to the hybrid integrated MOPAs (Sec. 3.3.1.2).
Close to the self-lasing threshold, extra after-pulses appear, which have the
typical gain switching shape. Streak-camera measurements (Sec. 2.4.2) show
that the after-pulses are spectrally narrow and centered at a slightly longer
wavelength than the signal pulses (Fig. 3.19). This is in contrast to the
behavior of the hybrid integrated MOPAs, whose after-pulses have a broad,
Fabry-Pérot-like spectrum (Sec. 3.3.1).

Still, the afterpulses of the monolithic MOPAs are most probably also
caused by electrical crosstalk to the RW section. In contrast to the hybrid
integrated devices, coupling from the RW pre-amplifier into the DFB laser is
nearly perfect for the monolithic MOPAs. When the crosstalk pulse is gen-
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Figure 3.19: Streak camera image of the
gain switching pulse generated by de-
vice C1737-6-3 020402 at IRW = 100 mA,
ITP = 3 A and 300 K. A spurious after-
pulse is generated 2 ns after the signal
pulse at a slightly longer wavelength.

Figure 3.20: Gain-switching simulation of the DFB section of the monolithic
MOPAs of wafer C1737-6-2. Due to the low reflectivity, the CW injection Pin

from the RW section has to be taken into account and enables the generation
of powerful optical pulses. Note the different power scales in the panels.

erated 2 ns after the signal pulse, the DFB section is unpumped. Its grating
then acts as a passive distributed Bragg reflector for the pulse generated in
the RW section. Due to the low carrier density in the unpumped grating sec-
tion, the refractive index now is slightly larger (Sec. 2.1.1.2) than when the
signal pulse is generated. Therefore, the afterpulse has a longer wavelength
than the signal pulse.

This is quantitatively confirmed by a rate-equation simulation of the gain
switched DFB section (Fig. 3.20). Since both ends of the DFB section are
anti-reflecting (RL = RR = 10−3) and the coupling coefficient κ = 2.5 cm−1

is fairly low for wafer C1737-6-2, the lasing threshold of the DFB section is
very high at approximately 500 mW. The available pump current pulses with
an amplitude of below 1 W only achieve gain switching due to the CW light
injection Pin from the RW section, which has been included in the simulation.
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At Pin = 30 mW and Imax = 600 mA, the simulation yields optical pulses
with a peak power of 0.25 W and a duration of 112 ps, in good agreement
with the experimental observations. The simulated peak carrier density is
1.6 · 1019 cm−3. This corresponds to a change of the refractive index in the
active zone of approximately 0.16 [174]. Multiplication with the confinement
factor Γ = 0.013 gives the change in the effective refractive index, Δn =
2.1 · 10−3. At a total refractive index of 3.29, this yields a wavelength shift
of 0.68 nm. This is in excellent agreement with the measured wavelength
difference of 0.6 nm between the signal pulse and the after pulse.

In contrast to the hybrid integrated MOPAs, a separation of the ground
contacts of master oscillator and power amplifier is not possible in the mono-
lithic setup. The use of capacitors in parallel to the RW section has been
evaluated in order to shunt the crosstalk. However, this did not improve the
device performance, which may be due to excessive parasitic inductances in
the shunt.

At higher device temperatures, the self-lasing threshold is increased and
higher pump currents can be used for amplification. However, simultaneously,
the device efficiency decreases. Spectrally narrow picosecond pulses with a
peak power close to 10 W can be generated by MOPAs from wafer C1737-6-3
at 310 K, IRW = 100 mA and ITP = 3 A.

In conclusion, several methods for the miniaturization of semiconductor
master-oscillator power amplifiers have been investigated. None of them in-
cludes an optical isolator, so suppression of reflectivities inside the device is
critical. For the hybrid integrated MOPA design, consisting of a seed laser and
a tapered amplifier coupled by a GRIN rod lens, the required low level of feed-
back could not be achieved, and spurious lasing occurs even for IRW = 0 mA.
However, the inclusion of a miniature isolator is possible using slightly more
complex coupling optics.

Monolithic MOPAs, on the other hand, consist of a single semiconductor
device only. Its first section is the gain switched master oscillator while the
second and third section act as the power amplifier. The internal reflectivity
here depends on details of the device layout, such as the Bragg coupling
coefficient. Devices from wafer C1741-6-2 did not exhibit spurious amplifier
lasing, and picosecond pulses with a peak power of (19 ± 1)W and narrow
spectral width could be generated.

Close to the self-lasing threshold, both hybrid integrated and monolithic
MOPAs become susceptible to electric crosstalk from the gain switched master
oscillator to the RW pre-amplifier. This leads to the generation of spurious
afterpulses 1.5–2 ns after the signal pulse. For the hybrid integrated MOPAs,
the crosstalk could be suppressed by using separate ground contacts for master
oscillator and power amplifier.
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Chapter 4

Second Harmonic Generation of

Green Picosecond Pulses

4.1 Introduction and Theoretical Background

Second harmonic generation (SHG) is a process in which an incoming (fun-
damental) light wave generates another wave with doubled frequency in a
medium with nonlinear susceptibility. It finds widespread application in the
generation of visible light, especially in the yellow-green gap [128, 129, 175–
178]. For example, green laser pointers typically contain an Nd:YAG mi-
crochip laser generating 1064 nm infrared light and a nonlinear crystal for
frequency doubling.

Second harmonic generation and the related nonlinear processes such as
sum-frequency generation and difference-frequency generation, require phase
matching for efficient wavelength conversion. This means that all participat-
ing waves have to retain a fixed phase relationship over the whole interaction
length, in spite of chromatic dispersion.

While its foundations have been laid in the 1960s [179–184], the accurate
theoretical description of nonlinear frequency conversion in the most general
case of a non-Gaussian multimode fundamental beam with depletion is fairly
complex and requires the full characterization of the input beam for example
via the Wigner distributions [185]. In this section, the theoretical treatment
is sketched for various special cases which allow important practical insights.

4.1.1 Second Harmonic Generation with Plane Waves

In crystals with non-centrosymmetric structure, the electrical susceptibility
tensor χij can depend on the electrical field strength �E,

χij = χ
(1)
ij +

∑
k

χ
(2)
ijkEk + · · · .
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Chapter 4 Generation of Green Picosecond Pulses

Figure 4.1: Theoretical phase match-
ing curve for plane waves in 1 cm of
LiNbO3. The normalized acceptance
bandwidth is 340 GHz cm = 200 pmcm
at 1060 nm.

This produces a quadratic term in the electric polarization,

Pi = ε0

(∑
j

χ
(1)
ij Ej +

∑
j,k

χ
(2)
ijkEkEj

)
=: P L

i + PNL
i ,

where dijk := 1
2
ε0χ

(2)
ijk is defined as the nonlinear tensor. Due to crystal sym-

metries, this tensor usually has only a few independent elements and many
elements vanish for a given crystal structure [179]

The nonlinear polarization PNL contains frequency components that are
not present in the incoming electrical field. In particular, if the input (funda-
mental) field is a monochromatic wave with frequency ωfun, the polarization
includes a component with twice the input frequency. According to Maxwell’s
equations, this nonlinear polarization wave is the source of an electromagnetic
wave with frequency 2ωfun.

The calculation of the properties and intensity of this second harmonic wave
typically starts from the inhomogeneous wave equation [181]

�∇× �∇× �E +
1

c2
0

d∂2(ε �E)

d∂t2
= −

4π

c2
0

∂2 �PNL

∂t2
, (4.1)

where the linear polarization is included in the ε �E term on the left-hand side.

For plane waves, one now makes an ansatz for the electrical field as a
superposition of the fundamental wave and the second harmonic wave:

�E = �ex�
{
Efun(z) exp

(
i(ωfunt + kfunz)

)
+ ESHG(z) exp

(
i(2ωfunt + kSHGz)

)}
.

Generally, kSHG = 2kfun, due to dispersion. Plugging this ansatz into the
wave equation 4.1 and collecting terms with equal frequency yields equations
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4.1 Introduction and Theoretical Background

Figure 4.2: Left: Ordinary and extraordinary index of refraction in a negative
uniaxial crystal as a function of propagation angle θ. Phase matching can be
achieved if no

fun = ne
SHG(θ). Right: Second-harmonic power as a function of

crystal length for plane waves and various phase matching conditions.

of motion for the complex amplitudes [181]:

dEfun

dz
=iχ(2) ωfun

c0
2E∗

funESHG exp(iΔkz),

dESHG

dz
=iχ(2) 2ωfun

c0
|Efun|

2 exp(−iΔkz), (4.2)

where Δk = kSHG − 2kfun = 2ωfun

c0
(nSHG − nfun) is the phase matching factor.

If Δk = 0, the amplitude of the second harmonic wave oscillates periodically
as energy is transferred back and forth between it and the fundamental (Fig.
4.2 right). In order to efficiently convert the fundamental into the second
harmonic, phase matching has to be achieved (Δk = 0). This corresponds to
momentum and energy conservation.

If perfect phase matching is present for a wavelength ω0, second harmonic
intensity decreases for neighboring wavelengths ω0 ± Δω. Integration of Eq.
4.2 shows that the second harmonic power PSHG follows [179,186]

PSHG ∼ sinc2

(
ΔkL

2

)
L2P 2

fun. (4.3)

The full width at half maximum of the wavelength tuning curve (Fig. 4.1),
the acceptance bandwidth, is inversely proportional to the crystal length and
is an important material parameter of the nonlinear crystal (Sec. 4.1.2).
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4.1.2 Nonlinear Optical Crystals and Phase Matching

In optically isotropic materials, phase matching is prevented by dispersion.
However, nfun = nSHG can be achieved in anisotropic crystals by taking ad-
vantage of birefringence. This is most easily understood for the case of uniax-
ial crystals, which have one distinguished crystallographic axis �Z, the optical
axis. Any light wave whose polarization is perpendicular to the principal
plane spanned by �Z and its propagation vector �k is called ordinary, while
in-plane polarization is called extraordinary. These two wave types generally
experience different indexes of refraction no and ne. The extraordinary index
additionally depends on the angle θ between �k and �Z (Fig. 4.2 left). For phase
matching, the ordinary index of refraction at the fundamental wavelength has
to coincide with the extraordinary index of refraction at the second harmonic
wavelength, no

fun = ne
SHG(θ), or vice versa.

In practice, there are two ways to achieve phase matching between an or-
dinary and an extraordinary beam. In the first, called critical phase match-
ing, the propagation angle θ of the fundamental beam through the crystal is
adjusted. This changes the index of refraction for the extraordinary beam,
but not for the ordinary one. At a certain angle, phase matching may be
achieved [179] (Fig. 4.2 left).

However, in general, the Poynting vector �SSHG of the extraordinary second
harmonic beam is not parallel to its wave vector �kSHG but perpendicular to
the index surface at the intersection of index surface and �k [187]. As �kfun and
�kSHG are parallel, this spatial walk-off reduces the spatial overlap between the
fundamental and the second harmonic beam, particularly at oblique propaga-
tion angles θ. The angle between �kfun and �SSHG is referred to as the walk-off
angle �.

In noncritical phase matching, on the other hand, all beams propagate
along the optical axis of the crystal, which means that spatial walk-off is
absent. Phase matching between ordinary and extraordinary waves may then
be achieved by changing the device temperature.

Since phase matching can only be achieved with specific propagation di-
rections and polarizations of both the fundamental and the second harmonic
beam, the choice of a phase matching scheme influences the effective nonlinear
coefficient, since only a certain element of the nonlinear tensor can produce a
phase-matched transition.

In the non-phase-matched case, the SHG output power as a function of
the crystal length oscillates with a period of 2π/Δk (Eq. 4.3) and does not
grow to macroscopic values. However, if the sign of the nonlinear suscepti-
bility switches with the period Λ = π/Δk, the energy transfer back to the
fundamental wave can be prevented and the SHG power can grow as L2 with
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material MgO:PPLN PPLT PPKTP
deff[pm/V ] 16.0 [191] 8.8 [191] 9.3 [191]
Δλ [nm cm] 0.2 [192] 0.15 [193] 0.25 [194]
damage threshold
[MWcm−2]

120 [195] 240 [195] 9000 [196]

Table 4.1: Parameters of periodically poled crystals for SHG 1060 nm →
530 nm

a reduced effective nonlinearity of deff = π
2
d (Fig. 4.2 right). This method

is called quasi phase matching [181, 186]. The required periodic poling of the
crystal susceptibility can be achieved technologically by a variety of meth-
ods [188]. It is most popular for ferro-electric crystals, in which periodic
poling can be initiated by the application of a strong electric field via nar-
row metal stripe electrodes [189,190]. This is possible for example in lithium
niobate (LiNbO3) and potassium titanyl phosphate (KTiOPO4, KTP).

Quasi-phase matching offers several advantages: Often, it is possible to
achieve quasi-phase matching for wavelength combinations at which regular
phase matching is not possible for a given crystal material. Furthermore,
quasi-phase matching frequently allows to use the same polarization direction
for all interacting waves, which often corresponds to using a larger element
of the nonlinear tensor. Therefore, the effective nonlinearity for a phase-
matched crystal can in fact be higher than for true phase matching at the
same wavelengths. Also, quasi-phase matching offers free choice of the propa-
gation angle, so that spatial walk-off is usually absent for quasi-phase matched
crystals.

Crystal materials differ in many parameters, most importantly the effec-
tive nonlinearity deff and the normalized acceptance bandwidth Δλ. Another
technologically relevant parameter is the damage threshold. Lithium trib-
orate (LiB3O5, LBO), for example, is not suitable for periodic poling and
has a moderate nonlinearity of 1 pm/V, but a very high damage threshold of
45 GWcm−2 [197]. Therefore, it is widely used for high-power applications.
For moderate peak powers as discussed in this thesis, periodically poled mate-
rials are advantageous. Popular choices with good availability for the second
harmonic generation 1060 nm → 530 nm are lithium niobate (PPLN), lithium
tantalate (PPLT) and potassium titanyl phosphate (PPKTP) (Tab. 4.1).
PPLN is used in this work since it has the highest nonlinear coefficient and
expected peak power densities are on the order of only 1 MWcm−2.
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4.1.3 Second Harmonic Generation with Gaussian

Beams

While the assumption of plane waves is valid for waveguides and very short
crystals, this thesis focuses on second harmonic generation in long bulk crys-
tals. While SHG in waveguides allows for higher total conversion efficien-
cies [177,178,189], a high alignment precision is required, and coupling losses
can be quite high for fundamental beams with non-diffraction-limited beam
quality. With view to integration of the SHG crystal with a monolithic MOPA
(Sec. 3.3.2) on a micro-optical bench, a bulk crystal for the picosecond SHG
experiments.

When performing second harmonic generation with Gaussian beams, it is
important to optimize the focus position and the Rayleigh length zR of the
fundamental beam in addition to the phase matching parameter. Again, the
second harmonic power can be obtained from the coupled wave equations 4.2,
but for a Gaussian beam this requires the propagation and integration of the
second harmonic waves radiated from each infinitesimal slab of material along
the optical axis. Even without pump depletion, the theory of Gaussian SHG is
significantly more complex than for a plane wave fundamental, and no closed
form for the second harmonic power can be given [184]. For a description
of quasi-phase matching, birefringence and spatial walk-off can be neglected.
Furthermore, absorption is neglected, which is weak at 1060 nm and 530 nm
in LiNbO3. The result for the second harmonic power in the end can be cast
into a similar form as for plane waves,

PSHG =
9 · 109

16π2

128π2ω2
fun

c3
0n

2
funnSHG

d2
effP

2
funLkfunh(σ, ξ, μ), (4.4)

where the dependence on all the optimizable parameters is contained in the
function

h(σ, ξ, μ) =
1

4ξ

∫ ξ(1+μ)

−ξ(1−μ)

dτ

∫ ξ(1+μ)

−ξ(1−μ)

dτ ′
exp

(
iσ(τ ′ − τ)

)
(1 + iτ ′)(1 − iτ)

.

Here, σ = zRΔk describes the phase matching, ξ = L/(2zR) the Rayleigh
length, and μ = (L − 2f)/L the focus position. Unsurprisingly, for perfect
phase matching, the optimum focus position is in the center of the crystal
[180]. The Boyd-Kleinman-factor h then takes a single maximum of 1.068 for
a value of ξ = 2.84 [184]. This can be easily be set experimentally by choosing
the appropriate focusing lens.

Note that in contrast to the plane-wave case, the second harmonic power for
a Gaussian fundamental beam increases only linearly with the crystal length
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(Eq. 4.4), even when ξ is kept at its optimum value. This is due to the fact
that the Rayleigh length can only be increased by enlarging the beam waist.
This in turn decreases the peak light intensity in the beam waist, lowering
the SHG efficiency.

Modern experiments with a high total conversion efficiency require the in-
clusion of pump depletion in the theoretical treatment. This requires numeri-
cal simulation and has become feasible only since the availability of sufficient
computing power. If substantial pump depletion is present, maximum conver-
sion is achieved under substantially weaker focusing than for the no-depletion
case studied by Boyd and Kleinman. Furthermore, both the fundamental
and the second harmonic beam quality may be degraded by inhomogeneous
conversion [187,198].

4.1.4 Second Harmonic Generation with Non-Gaussian

Beams

The use of edge-emitting semiconductor lasers or amplifiers as fundamental
light sources for second harmonic generation is attractive due to their com-
pactness, high efficiency, high reliability, and low cost. However, high-power
edge emitters, especially of the broad area and tapered geometry, typically do
not generate diffraction-limited beams (Sec. 3.1.2.2 and 3.2.2). Therefore, a
description of second harmonic generation for partially coherent beams with
a non-diffraction-limited beam quality is required.

Experimentally, the SHG efficiency for non-diffraction-limited beams is
lower than for Gaussian beams when all other parameters are optimized
[57, 199, 200]. The focusing parameter ξ = L/(2zR) for maximum output
power is reduced for a partially coherent beam. For a tapered laser with a
vertical beam quality of M2 = 1.9 and a lateral beam quality of M2 = 2.4,
the optimum focusing parameter is ξ = 1.4 [57], only half of the value ξ = 2.8
for Gaussian beams (Sec. 4.1.3).

The theoretical description has so far focused on the Gauss-Schell model
[57, 201, 202], which assumes a Gaussian transverse envelope consisting of
a superposition of Gaussian coherence regions whose width is smaller than
the beam diameter. This leads to a non-diffraction-limited beam quality.
Furthermore, the beams can be astigmatic and elliptic. With this model, the
optimum focusing parameter ξ can be successfully predicted as a function of
beam quality [57], while the agreement of the maximum efficiency is moderate.

By using a Gauss-Schell model, one neglects the complex lateral beam pro-
files typical for edge-emitting diode lasers. Broad-area devices, for example,
generate beams with nearly top-hat profile, while tapered lasers typically show
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a beam waist with an intense central lobe and weak satellites. Both beams
can have the same second-moment M2, but the latter will achieve much higher
SHG efficiencies. Generally, a high SHG efficiency is achieved for a good beam
quality or at least a pronounced central beam lobe.

4.1.5 Second Harmonic Generation with Multi-Mode

Beams

The gain switched picosecond pulses studied in this thesis have time-averaged
spectral envelopes with a width of 0.1–0.3 nm (Sec. 3.2.2). This is similar
to the normalized acceptance bandwidth of LiNbO3 (Tab. 4.1). Therefore, a
description of second harmonic generation for a fundamental with an arbitrary
spectral envelope Pfun(ω) is needed.

Key insights about this situation can be gained from the plane wave case
without pump depletion [186]. Starting from the coupled wave equations 4.2,
one now makes a discrete multi-mode ansatz for the fundamental electrical
field

E(z, t) =

Q∑
q=−Q

Eq
fun exp(iωq

funt − kq
funz + ϕq),

where ωq
fun = ω0

fun + qΔω is the frequency for mode number q, kq
fun is the

corresponding propagation constant and Eq
fun the electrical field amplitude.

This immediately gives differential equations for the second harmonic
modes, which also include mixed terms describing sum-frequency generation:

dE2r
SHG

dz
=

iω0
fund

nSHGc0

{
(Er

fun)
2 exp

(
i(k2r

SHG − 2kr
fun)z + 2iϕr

)

+2

Q−|r|∑
q=1

Er+q
fun Er−q

fun exp
(
i(k2r

SHG − kr+q
fun − kr−q

fun z + i(ϕr+q + ϕr−q)
)⎫⎬⎭ ,

dE2r+1
SHG

dz
=

iω0
fund

nSHGc0

{
2

Q−|r|−1∑
q=0

Er+q+1
fun Er−q

fun exp
(
i(k2r+1

SHG − kr+q+1
fun − kr−q

fun )z
)

× exp
(
i(ϕr+q+1 + ϕr−q)

)}
.

This causes the SHG spectrum to have twice as many modes as the funda-
mental spectrum. The phase mismatch is approximately equal for the terms
in each sum, and the phase matching parameter Δkm = km

SHG − km−n
fun − kn

fun

can be defined independently of n.
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After normalization of fundamental and second harmonic fields, the differ-
ential equations can be integrated and the second harmonic power in each
mode can be estimated by taking the square of the absolute value.

For the treatment of a nearly continuous spectrum, the odd and even sec-
ond harmonic modes can then be approximated by one expression. Replacing
the discrete spectrum by a continuous one and the sums by frequency inte-
grals, one finds that the second harmonic spectral power density is given by
a convolution of the input spectrum [186],

PSHG(ω) = 2F
(
Δk(ω)

) ∫ ∞

−∞

Pfun(ω − ω′)Pfun(ω
′)dω′, (4.5)

where F (Δk(2ω)) is the sinc2 factor from Eq. 4.3 and ω is measured relative
to the fundamental central frequency ω0

fun.
Interestingly, a calculation for an infinite number of modes that all fit inside

the crystal acceptance bandwidth shows a twofold increase in conversion effi-
ciency compared to the single-mode case [186]. This has in fact been verified
experimentally in an elegant experiment with a HeNe laser whose number of
longitudinal modes could be manually tuned [203].

However, if the fundamental spectrum exceeds the crystal acceptance band-
width, SHG efficiency decreases. Therefore, a narrow fundamental spectrum
is essential for high SHG efficiency.

This section has given an introduction to the theoretical description of
second harmonic generation. Starting from the single-frequency plane-wave
case, phase matching and quasi-phase matching have been discussed, and it
has been shown that the second harmonic power increases with the square of
the fundamental power if depletion is neglected.

In the case of a focused fundamental beam, the optimization of the focus
position and Rayleigh length in the SHG crystal is important. For the case
of a Gaussian beam, the optimum Rayleigh length has been calculated by
Boyd and Kleinman to zR = 0.175L, where L is the crystal length. For
non-diffraction-limited beams from edge-emitting diode lasers, the optimum
focusing can be adequately predicted using a Gauss-Schell model. For higher
M2 values, the optimum Rayleigh length is increased by up to a factor of two
while the SHG efficiency is decreased.

In the case of a multi-longitudinal-mode beam, the efficiency can either
increase if the fundamental laser has many modes well inside the crystal ac-
ceptance bandwidth, or decrease if the fundamental spectral width exceeds
the acceptance bandwidth.
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4.2 Second Harmonic Generation using

Picosecond Pulses

Picosecond pulses in the green spectral range have important applications
in time-resolved fluorescence spectroscopy and related methods [126]. They
enable tracking of single molecules in living cells [61] and microscopy with
sub-wavelength resolution. Scanning imaging methods typically require pulse
energies on the order of 100 pJ at variable repetition rates in the MHz range
in order to avoid fluorophore bleaching. For wavelengths in the blue and red
spectral range, such pulse trains can be readily provided by gain switched
laser diodes in very compact and robust setups [12]. There is great interest
in green picosecond sources, as well, but there are no laser diodes commer-
cially available near 530 nm. Therefore, second harmonic generation (SHG)
is the method of choice to realize a green picosecond source [127, 129, 175].
Using multi-stage solid-state setups as the fundamental, green picosecond
pulses with energies of several 100 nJ have been obtained at fixed repetition
rates [175]. At variable repetition rates, pulse energies of 80 pJ with a peak
power below 0.5 W have been demonstrated at 530 nm [127]. Higher peak
powers would make existing imaging methods more versatile and enable new
applications, e.g. wide-field microscopy. However, their generation at flexible
repetition rates remains a challenge.

Using the bench-top semiconductor MOPA (Sec. 3.2.2) as a fundamental
source, intense green picosecond pulses are generated by frequency doubling.
The resulting green pulse source has a variable repetition rate and a high
potential for miniaturization (Sec. 4.3). Compared to the gain switched DFB
master laser, the green pulses have a significantly improved pulse shape due
to the nonlinear nature of amplification (Sec. 3.2.2) and second harmonic
generation.

4.2.1 Differences to Continuous-Wave Operation

In addition to applications in which green picosecond pulses are specifically
required, pulsed fundamental sources are often used in second harmonic gener-
ation in order to obtain a high conversion efficiency while keeping the average
fundamental power low [204].

In a pulsed fundamental signal, the instantaneous peak power exceeds the
average power by far, especially if the duty cycle is low (Fig. 4.3). Since SHG
is a nearly instantaneous process, the second harmonic peak power depends
on the square of the fundamental peak power.
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Figure 4.3: Illustration of average and peak power for a train of gain switched
pulses.

When comparing the normalized conversion efficiency

η =
PSHG

P 2
funL

(4.6)

of SHG in pulsed and cw mode, it is important to distinguish between time-
averaged and instantaneous conversion efficiency. The instantaneous normal-
ized conversion efficiency

η(t) = PSHG(t)/
(
P 2

fun(t)L
)

is independent of the fundamental signal shape if spectrum and beam quality
are equal. The normalized conversion efficiency of the average power

η̄ =
1
T

∫ T

0
PSHG(t)dt(

1
T

∫ T

0
Pfun(t)dt

)2

L
,

on the other hand, can be much higher in pulsed operation. This allows the
efficient generation of high green average powers without high thermal load
to the crystal. However, the conversion efficiency of the average power cannot
be directly compared to other SHG results if the signal shape is not known.

4.2.2 Experimental Setup

In this work, picosecond pulses at 531 nm are generated using a bench-top all-
semiconductor master oscillator-power-amplifier (MOPA) as the fundamental
source. This design enables miniaturization [169] and allows the green laser to
share the advantages of the gain switched master oscillator (MO), particularly
the possibility to generate arbitrary pulse sequences by electrical triggering.
The setup of the light source is described in detail in Sec. 3.2.2.

As the master oscillator, a 1.5 mm long triple quantum well RW DFB laser
diode is used. It is pumped with short current pulses without DC bias at
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Figure 4.4: Experimental setup for the bench-top generation of green picosec-
ond pulses. Focusing lens FL has focal length 35 mm for crystal 1 and 150 mm
for crystal 2. The MOPA fundamental source is describe in detail in Sec 3.2.2.

repetition rates of up to 80 MHz. The emitted light pulses reach an energy of
(385±12) pJ and a peak power of (770±50)mW with a significant pulse tail.
The pulse duration is less than 700 ps FWHM. The average spectral width
is less than 30 pm FWHM with a center wavelength of (1062.03 ± 0.1) nm.
However, the spectrum changes dynamically during each pulse, as discussed
below.

Measurement setups are described in Sec. 2.4.2. Unless otherwise noted,
pulse lengths and peak powers stated in this paper are as measured without
deconvolution with the instrument response function (IRF).

Using two aspheric lenses, the pulsed seed light is collimated and focused
into the SOA. This double quantum well power amplifier consists of a 1 mm
long RW section and a 3 mm long tapered (TP) section with a taper angle of
6◦. In order to prevent lasing of the power amplifier in the intervals between
the seed pulses, a -30 dB optical isolator is used between the master oscillator
and the amplifier (Fig. 4.4).

Pumping the amplifier RW section with a DC current of 10 mA and the
tapered section with a DC current of 3.93 A, the amplified light pulses reach
an energy of (3.13 ± 0.09) nJ and a peak power of (28 ± 2)W, independent
of the repetition rate. In the intervals between the seed pulses, the amplifier
emits (170 ± 5)mW of amplified spontaneous emission (ASE), which forms
a spectrally broad continuous-wave (CW) background to the amplified pulse
signal. For the measurement of the amplified pulse energy, see Sec. 3.2.2.
The amplified IR signal is collimated using an aspheric lens and an additional
cylindrical lens for the slow axis. This yields a nearly symmetric beam with
a beam quality of M2 ≈ 5 (second moments) in the lateral direction [134].

For second harmonic generation, two MgO-doped bulk PPLN crystals have
been available which both have a poling period of 6.92�m and are anti-
reflection coated for both 1064 nm and 532 nm. Crystal 1 has a length of
5 mm, corresponding to a spectral acceptance bandwidthof approximately
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400 pm FWHM (Tab. 4.1). Due to the broad spectral acceptance, this crystal
shows high normalized conversion efficiency in pulsed operation, as discussed
below. Crystal 2 has a length of 25 mm, resulting in an acceptance bandwidth
of 80 pm FWHM, and enables higher green output powers.

4.2.3 Green Pulse Shape and Energy

In order to determine the conversion efficiency of the crystals for the given
beam quality of M2 ≈ 5, SHG is first performed with the MOPA in CW
operation. In this operating mode, the MOPA has a clean single-mode spec-
trum. For both crystals, a normalized conversion efficiency of ηcw = (0.67 ±
0.04) %/(W cm) is obtained. Optimum focusing is achieved with a f = 35 mm
lens for crystal 1 and a f = 150 mm lens for crystal 2.

To study pulsed SHG, the same setup was used. With crystal 2, a maximum
pulse energy of (250 ± 8) pJ at 531 nm and a peak power of (5.7 ± 0.4) W is
achieved at all repetition rates between 5 and 80 MHz. The measured pulse
length is (31± 5) ps, deconvolution with the IRF suggests a real pulse length
of only 18 ps at a peak power of approximately 10 W. This exceeds previous
green picosecond sources at variable repetition rate by more than an order
of magnitude. The ASE present in the amplified IR signal is reduced to less
than 0.2 mW, corresponding to an extinction ratio of at least 44 dB for the
green signal. This makes our light source ideally suited for applications in
fluorescence spectroscopy. Crystal 1 generates a lower peak power of (2.0 ±
0.1)W, but a higher normalized conversion efficiency, as discussed in Sec 4.2.4.

During amplification and SHG, the signal pulse shape improves. In a typical
feature of gain switching, the seed laser pulses have a significant pulse tail
following the pulse peak (Fig. 4.5 left, for three different pump levels). While
the optical peak power is mainly given by the laser dynamics and only weakly
depends on the pump current pulse, the energy in the pulse tail strongly
depends on the peak pump current [67] (Sec. 2.2).

During amplification, the pulse peak experiences strong gain and depletes
the amplifier. This leaves less gain for trailing pulse regions, effectively sup-
pressing the pulse tail (Fig. 4.5 center, Sec. 3.2.2). During SHG, the high-
power peak undergoes higher absolute conversion than the less powerful after-
pulse. As a result, the power level of the latter is suppressed to less than 10%
of the pulse peak power, and the green pulse shape is almost independent of
the pump level of the gain switched master oscillator (Fig. 4.5 right).
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Figure 4.5: Pulse shapes of seed, amplified signal, and SHG signal using crys-
tal 2. The peak seed pump current increases from setting “1” through “3”.
The resulting green pulse shapes are nearly independent of the initial seed
pulse shape.
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4.2 Second Harmonic Generation using Picosecond Pulses

Figure 4.6: Measured SHG pulse shape and expected SHG pulse shape calcu-
lated from the measured amplified IR signal with a conversion efficiency of
0.67%/(W cm) for (a) crystal 1 and (b) crystal 2.

4.2.4 Dynamic Normalized Conversion Efficiency

As shown in Sec. 2.4.3, DFB lasers tend to have a broader spectrum during
the leading relaxation peak than during the pulse tail. This is true even when
the time averaged side-mode suppression ratio is above 30 dB and the residual
Fabry-Pérot modes are strongly suppressed. The spectral broadening at the
pulse onset is due to both mode competition between modes close to the stop-
band and chirp caused by the strong carrier fluctuations [205]. This broader
spectrum can influence the SHG efficiency during the leading relaxation peak.

In order to compare the instantaneous normalized conversion efficiency for
gain switched operation with ηcw, the expected SHG signal is calculated from
the fundamental pulse shape as P 2

fun(t)Lηcw. For crystal 1, the expected SHG
pulse shape and the measured signal are in good agreement (Fig. 4.6 a).
Higher fluctuations in the measured pulse shape are due to the non-Gaussian
instrument response function. On the other hand, for crystal 2, the measured
SHG peak power is significantly lower than expected for conversion with ηcw

(Fig. 4.6 b). The instantaneous normalized conversion efficiency at the pulse
peak is reduced to ηpeak = (0.30 ± 0.05)%/(W cm), while during the pulse
tail it equals the cw conversion efficiency, η(t) = ηcw. This effect persists if
the instrument response is taken into account and can be observed at all seed
pump powers.

The reduced ηpeak for crystal 2 originates from the spectral dynamics of
the IR pulses. For a long crystal with narrow spectral acceptance bandwidth,
the fundamental spectrum during the pulse peak is broader than the crystal
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Figure 4.7: Averaged amplified pulse spectra at (a) low seed pump current
and (b) high seed pump current (setting “3”). Inset: seed pulse shapes.

acceptance bandwidth, leading to a reduced ηpeak. This effect is absent for
crystal 1, which has a broader spectral acceptance. A quantitative under-
standing can be gained from the time-averaged spectrum of the MOPA at
seed setting “3” (Fig. 4.7 b). It contains contributions of both the relaxation
peak and the after-pulse. Calculating the SHG power for this fundamental
spectrum (Sec. 4.1.5 and an acceptance bandwidth of 80 pm FWHM, the
normalized conversion efficiency is calculated to be 0.55%/(W cm). This is
in good agreement with the weighted average of the measured instantaneous
conversion efficiency for crystal 2,∫

P (t)η(t)dt∫
P (t)dt

≈ 0.56%/(W cm).

At low seed pump power, the MOPA spectrum is dominated by the re-
laxation peak (Fig. 4.7 a) and shows a lower side mode-suppression ratio.
For this fundamental spectrum, an effective normalized conversion efficiency
of 0.34%/(W cm) is calculated, which agrees well with the measured peak
conversion efficiency of (0.30 ± 0.05)%/(W cm) for crystal 2.

In conclusion, a detailed study of SHG using gain switched laser pulses
has been performed, including for the first time the time-dependence of the
conversion efficiency. Due to the spectral dynamics of the fundamental pulse,
its pulse peak is converted less efficiently than the pulse tail in SHG crystals
with narrow acceptance bandwidth. A picosecond laser pulse source at 531 nm
with a pulse energy of (250±8) pJ is demonstrated. The green laser pulses can
be electrically triggered and their shape is nearly independent of repetition
rate and seed pump power. Their peak power of more than 5.7 W exceeds
that of previous green picosecond lasers with variable repetition rate by at
least an order of magnitude. Combined with the excellent extinction ratio of
more than 44 dB, the presented green picosecond laser is an ideal light source
for time-resolved fluorescence spectroscopy.
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Figure 4.8: Setup for SHG using a monolithic MOPA (Sec. 3.3.2) as the fun-
damental source.

4.3 Miniaturization

In order to fully harness the advantages of a semiconductor-based green pi-
cosecond pulse source in biological experiments, a robust and compact package
is required. On the path toward full hybrid integration of the fundamental
light source and the nonlinear crystal on a micro-optical bench, picosecond
SHG experiments are performed using a monolithic MOPA (Sec. 3.3.2) as the
fundamental source.

The fundamental IR source is a monolithic MOPA from wafer C1741-6-2
mounted on a micro-optical bench on CCP (Sec. 3.3.2). The first 1 mm long
DFB section acts as the master oscillator and is gain switched to generate
picosecond pulses. The subsequent RW section of 1 mm length and the tapered
section of 2 mm length are pumped with DC current. At IRW = 225 mA and
ITP = 3.25 A, it emits laser pulses with a peak power of (16±1)W, an energy
of (3.01 ± 0.09) nJ at a central wavelength of 1063.86 nm. Although these
pulses have a lower peak power than those emitted by the bench-top MOPA
(Sec. 3.2.2), they have a better beam quality of M2 = 2.6 in lateral direction.
This increases the normalized SHG efficiency (Sec. 4.1.4), so that a similar
second harmonic output power can be achieved in spite the lower peak power.

The infrared light emitted by the monolithic MOPA is collimated by micro-
lenses on the micro-optical bench (Sec. 3.3.2) and focused into the 25 mm long
PPLN crystal with an external focusing lens (Fig. 4.8). The optimum focus
length of 100 mm was determined experimentally.

In this way, green picosecond pulses with an energy of up to (275± 0.8) pJ
are generated at variable repetition rates (Fig 4.9). This exceeds the second
harmonic pulse energy generated with the bench-top MOPA as the funda-
mental source (Sec.4.2.3). The pulses are, however, longer, with a duration
of (112 ± 5) ps FWHM. They have a peak power of (2.3 ± 0.1)W and a CW
background of less than 0.01 mW, corresponding to an extinction ratio of at
least 54 dB. Although the peak power of the green pulses generated from the
monolithic MOPA does not match that of the bench-top setup, the important
specification for fluorescence lifetime spectroscopy is pulse energy, as long as
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Figure 4.9: Second harmonic pulse
shape generated using a mono-
lithic MOPA as fundamental source.
IRW = 225 mA, ITP = 3.25 A, 295 K

it is delivered within less than 200 ps [7]. Therefore, the green pulse source
based on the monolithic MOPA is excellently suited for fluorescence lifetime
spectroscopy.

A peak normalized conversion efficiency of 0.36%/(Wcm) is reached, 20%
higher than the peak conversion efficiency for the bench-top MOPA.
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Chapter 5

Conclusion and Outlook

5.1 Summary and Conclusion

The objective of this thesis was the development of a reliable and intense green
picosecond laser source for fluorescence lifetime spectroscopy. This application
requires pulses with a duration of less than 200 ps and a pulse energy of around
100 pJ at variable repetition rates in the megahertz range [7]. In the red and
blue spectral range, such pulses can be readily generated by gain switching of
single ridge-waveguide laser diodes [12]. However, green emitting laser diodes
so far exist only as laboratory samples with limited lifetime [206]. Therefore,
second harmonic generation is the method of choice for the generation of green
picosecond pulses.

In a first step toward a compact, reliable green picosecond source, gain
switching of single DFB laser diodes was studied(Sec. 2.4). Detailed experi-
mental and numerical studies showed that the grating coupling coefficient is
a crucial design parameter that influences not only the spectral purity of the
gain switched signal, but also the amplitude of the first relaxation oscillation.
A higher coupling coefficient provides a higher net gain to the Bragg mode,
but also causes less efficient out-coupling and higher radiative losses in the
case of a higher-order grating. This results in a reduction of the gain switched
pulse peak power.

If the coupling coefficient is too weak, on the other hand, mode competition
between the Bragg mode and the residual Fabry-Pérot modes is slow and takes
up to several hundred picoseconds. This leads to a multimode laser spectrum
of the first high-power relaxation peak, rendering the pulses unsuitable for
second harmonic generation.

In order to obtain high spectral purity and high pulse peak power, the
gain of the Bragg mode has to be maximized by other means, most promi-
nently by choosing the optimum detuning between gain maximum and Bragg
wavelength. This optimization has to take into account the shape of the
gain spectrum and its dependence on carrier density and device temperature.
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While in CW-operation, the center wavelength of the gain is primarily deter-
mined by internal device heating, this effect is irrelevant for pulsed operation
at low duty cycles. On the other hand, for gain switched operation, the carrier
density during the first relaxation peak significantly exceeds the steady state
value, leading to a blue-shift of the gain spectrum. Therefore, at low car-
rier density, the Bragg wavelength ideally is several nanometers shorter than
the wavelength of the gain maximum. Under these conditions, gain switched
pulses with a peak power in excess of 1 W and more than 95% of the pulse
energy emitted in the Bragg mode were generated.

In a next step, the optical amplification of these pulses to peak powers
above 10 W was investigated (Chap. 3). In order to study the suitability
of different amplifier gain materials, a semiconductor tapered amplifier was
compared with a single-stage core-pumped ytterbium-doped fiber amplifier.
Both technologies allowed amplifications of above 10 dB. However, the gain
materials differ greatly in their upper-state lifetime, which is approximately
1 ms for Yb:glass, but only few nanoseconds in the semiconductor amplifier.
Consequently, large energies on the order of microjoule can be stored in a
ytterbium-doped fiber while the saturated output energy of semiconductor
amplifiers is in the lower nanojoule range.

On the other hand, the long upper-state lifetime means that the ytterbium-
doped fiber amplifier does not reach equilibrium within the pulse intervals of a
megahertz seed signal. Therefore, the pulse gain decreases at higher repetition
rates. Furthermore, the seed pulse energy of about 100 pJ coming from the
gain switched DFB laser diode does not suffice to saturate the fiber gain. This
leads to a low pump efficiency, and the pulse shape remains unchanged during
amplification.

The gain of the semiconductor amplifier with its short upper-state lifetime
is independent of the repetition rate in the megahertz range. However, the
suppression of feedback into the amplifier is critical in order to avoid parasitic
lasing in the pulse intervals. Due to the low saturation energy, the signal
pulse is distorted during amplification. For gain switched seed pulses, this
is advantageous, since the characteristic pulse tail is effectively suppressed,
leading to a cleaner and more symmetric pulse shape. With a bench-top
semiconductor MOPA, picosecond pulses with a peak power of 28 W and a
pulse energy of 3.1 nJ were generated. This exceeds previous realizations by
more than a factor of two.

Furthermore, semiconductor tapered amplifiers offer superior opportunities
for miniaturization. Two miniaturized MOPA setups were investigated, a
hybrid integrated version using the same active elements as the bench-top
system, and a monolithic version consisting of a single semiconductor device
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including beam shaping optics.
In the hybrid integrated MOPAs, a single GRIN lens was used to couple

the light from the seed laser into the amplifier. Unfortunately, this setup,
which did not contain an optical isolator, was found to introduce excessive
reflectivities, causing parasitic amplifier lasing at pump currents as low as
1.5 A and severely limiting the available gain.

In the monolithic MOPAs, on the other hand, spurious reflectivities could
be avoided and high-intensity picosecond pulses with a peak power of up
to 19 W and a good lateral beam quality of M2 = 2.6 could be generated.
These devices consist first of a master oscillator DFB section that is operated
in gain switched mode, followed by a ridge-waveguide pre-amplifier and a
tapered main amplifier which are both pumped with DC current. Since these
monolithic MOPAs do not contain any movable parts, they have excellent
mechanical and thermal robustness and do not require elaborate assembly, in
contrast to the hybrid integrated devices.

Having obtained high-intensity infrared picosecond pulses both from a
bench-top and from a miniaturized system, these were used as a fundamental
source for second harmonic generation (Sec. 4.2). With both fundamental
sources, green picosecond pulses with an energy above 250 pJ and a dura-
tion of below 110 ps were obtained, which are ideally suited for fluorescence
lifetime spectroscopy.

The infrared pulses from the bench-top MOPA are shorter and show strong-
er spectral dynamics in the vicinity of the Bragg line. This led to a detailed
study of the temporal dynamics of the normalized SHG conversion efficiency.
However, even with a long crystal with narrow acceptance bandwidth, the
pulse shape improved during second harmonic generation, and the generated
green pulses are very insensitive to the pump conditions of the master os-
cillator. They had a deconvoluted peak power of 10 W, exceeding previous
green picosecond pulses with variable repetition rate by more than an order
of magnitude.

In conclusion, this thesis contains a systematic study of the generation of
green picosecond pulses starting from a gain switched infrared laser diode as
the master oscillator. The design parameters of the master oscillator and the
power amplifier were optimized and the additional challenges connected with
miniaturization were identified and solved. Finally, the infrared fundamen-
tal pulses were frequency doubled to obtain high-intensity green picosecond
pulses, and an investigation of the influence of the fundamental spectral dy-
namics on the conversion efficiency was made. The resulting green pulse
source is excellently suited for fluorescence lifetime spectroscopy.
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Chapter 5 Conclusion and Outlook

Figure 5.1: Design of a micro-optical bench with hybrid integration of funda-
mental IR laser diode and nonlinear crystal

5.2 Future Directions

As a next step of miniaturization, the nonlinear crystal can be hybridly in-
tegrated with a monolithic MOPA on a 5 cm long micro-optical bench (Fig.
5.1). This has previously been accomplished in CW operation so that the
technical aspects of the optical coupling and separate thermal management
can be considered solved. Over 1 W optical output power at 490 nm has been
demonstrated at a fundamental power of 9.5 W [207].

In this prototype, the fundamental beam was collimated with two cylin-
drical micro-lenses and focused into the bulk PPLN crystal with another two
cylindrical micro-lenses. A λ/2-plate was placed in the collimated beam in
order to adjust the polarization direction. The nonlinear crystal was heated
by a resistive heater placed on top of the crystal and mounted between two
mounting rails along the side of the micro-optical bench.

In gain switched operation, even less optical feedback into the amplifier can
be tolerated than in CW operation. Therefore, it seems advisable to place a
miniature optical isolator into the collimated beam for a pulsed SHG source.

In a further step, the concept can be generalized to other wavelengths.
While the blue spectral range is readily accessible by second harmonic gener-
ation of semiconductor lasers [57,136,200,205], it also faces competition from
directly blue emitting GaN laser diodes [208] at the power level required for
fluorescence lifetime spectroscopy. Therefore, a generation of yellow or orange
wavelengths between 550 nm and 630 nm seems most attractive.

This can be achieved in a variety of ways, for example by sum-frequency
generation [209] or by second harmonic generation of a Raman laser [129] or a
longer-wavelength semiconductor laser [210]. While the first two approaches
can both profit from the high-power gain switched DFB lasers developed in
this work, the latter enables a direct application of the compact semiconductor
MOPA technology presented in this thesis. Periodically poled lithium niobate
also offers a high nonlinearity for fundamental wavelengths around 1200 nm,
with a normalized spectral acceptance bandwidth of 360 pmcm [192]. There-
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fore, dynamic spectral purity is less crucial for SHG to the yellow-orange
wavelength range.

However, quantum well diode lasers with gain around 1200 nm are harder to
fabricate than those emitting around 1060 nm, because the lattice mismatch
between the InGaAs quantum wells and the GaAs substrate becomes very
large. However, in addition to quantum-dot devices, various groups have
successfully demonstrated quantum well laser diodes around 1200 nm [210–
213], so that the construction of tapered semiconductor amplifiers and DFB
lasers in this wavelength range seems feasible.

In addition, sum frequency mixing between the green second harmonic
pulses and the residual IR fundamental pulses makes the ultraviolet spectral
range accessible. Particularly picosecond pulses around 290 nm can be used
for fluorescence lifetime spectroscopy of auto-fluorescent biological samples.

On the other hand, the compact, flexible, high-brightness picosecond
MOPA developed in this thesis can serve as a seed laser for further amplifier
stages in order to realize intense pulse bursts for material processing. The
further amplification stages most likely should be based on ytterbium-doped
fibers with their high energy storage. The nanojoule pulses emitted by the
semiconductor MOPA should saturate the fiber amplifier, allowing a high
wall-plug efficiency.

As these examples show, the infrared MOPA and the green picosecond pulse
source presented in this work find a number of interesting applications, and
can serve as a starting point for the development of further high-performance
flexible light sources.
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