
A compact mode-locked diode laser system for high
precision frequency comparison experiments

D I S S E R T A T I O N

zur Erlangung des akademischen Grades
doctor rerum naturalium

(Dr. rer. nat.)
im Fach Physik

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultät

Humboldt-Universität zu Berlin

von
Dipl.-Phys. Heike Christopher

Präsidentin der Humboldt-Universität zu Berlin:
Prof. Dr.-Ing. Dr. Sabine Kunst

Dekan der Mathematisch-Naturwissenschaftlichen Fakultät:
Prof. Dr. Elmar Kulke

Gutachter:
1. Prof. Achim Peters, Ph.D.
2. Prof. Dr. Günther Tränkle
3. Prof. Dr. Gaetano Mileti

Tag der mündlichen Prüfung: 08.02.2021





Abstract
Optical frequency combs (OFCs) have revolutionized various applications in applied and funda-
mental sciences that rely on the determination of absolute optical frequencies and frequency dif-
ferences. For absolute frequency measurements, the optical frequency comb generator (OFCG)
requires a highly complex system typically comprising a mode-locked laser, optical amplifiers,
spectral broadening systems, typically to more than one octave, as well as an absolute stabiliza-
tion of the OFC. In contrast, measurements of frequency differences require only stabilization of
the spectral distance between the individual comb lines of the OFC. In this case, the OFCG can
be tailored to the application and the system complexity can be reduced. One such application
is the quantum test of the universality of free fall (UFF) within the QUANTUS (Quantengase
unter Schwerelosigkeit; quantum gases under weightlessness) experimental series that aims to
push the accuracy of UFF tests. This test intends to compare the rate of free fall of two atomic
species, rubidium (Rb) and potassium (K), in micro-gravity. Such an experiment would greatly
benefit from an opportunity to directly compare optical frequencies in the vicinity of the D2
transition of Rb (∼780 nm) with those in the vicinity of the D2 transition of K (∼767 nm). The
aim of this thesis was the development of a highly compact, robust, and space-suitable diode
laser-based OFCG providing a mode-locked optical spectrum in this wavelength range.

The diode laser-based OFC was required to feature a spectral bandwidth of at least 13.5 nm
at 20 dBc. To provide the means for generation of beat note signals with the Rb and K refe-
rence lasers, the optical power of the comb lines at 20 dBc needed to exceed 100 nW. For use
of electronics similar to those used for the interferometry part of the QUANTUS experiments,
a pulse repetition rate of 6.8 GHz or its subharmonics was desired. To take advantage of the
frequency comparison by means of the diode laser-based OFC, the RF linewidth of the stabilized
pulse repetition rate was required to be smaller 40 Hz (for a pulse repetition rate of 6.8 GHz).
It was estimated that this RF linewidth can be reached with active stabilization as long as
the free-running RF linewidth does not exceed 10 kHz. In the frame of this thesis, a diode
laser-based OFC with a pulse repetition rate of 3.4 GHz was realized that provided a spectral
bandwidth exceeding 16 nm (at 20 dBc). The comb lines at 20 dBc of that OFC featured an
optical power of more than 650 nW. Furthermore, a free-running pulse repetition rate with an
RF linewidth of less than 10 kHz was demonstrated.

An important aspect for the realization of a space-suitable diode laser-based OFCG was the
hybrid integration of that OFCG into a compact and robust technology platform that was
developed for implementation in future QUANTUS experiments. By means of setting up a
proof-of-concept demonstrator module, critical integration technology aspects were identified
and an integration strategy was developed. Based on this, the hybrid integration of a large
spectral bandwidth diode laser-based OFCG into a technology platform featuring a footprint of
only 25 × 80 mm2 was successfully demonstrated.

Proof of a sufficient RF stability of the OFCG in terms of the RF linewidth of the pulse
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repetition rate was required within the scope of this thesis. To that end, an experimental test
bed was developed that allowed for the stabilization of the pulse repetition rate to an external
RF reference. Use of a feedback loop with a servo bandwidth of around 72 kHz allowed for
demonstration of a stabilized pulse repetition rate featuring an RF linewidth of less than about
1.4 Hz (resolution limited). This result exceeds the requirement by more than one order of
magnitude.

The development of the diode laser-based OFCG carried out within the scope of this thesis
paves the way towards an improved comparison of the rate of free fall of Rb and K quantum gases
within the QUANTUS experiments in micro-gravity. Thus, this thesis represents an important
step towards a quantum test of the UFF within future space-borne experiments.
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Zusammenfassung
Optische Frequenzkämme (OFCs) haben eine Vielzahl von Anwendungen in den angewandten
Wissenschaften und der Grundlagenforschung, die auf der Bestimmung von absoluten Frequen-
zen und Frequenzdifferenzen beruhen, revolutioniert. Für absolute Frequenzmessungen benötigt
der optische Frequenzkammgenerator (OFCG) ein hochkomplexes System, das üblicherweise aus
einem modengekoppelten Laser, optischen Verstärkern, Systemen zur spektralen Verbreiterung,
typisch zu mehr als einer Oktave, sowie einer absoluten Stabilisierung des OFCs besteht. Im
Gegensatz dazu wird für Messungen von Frequenzdifferenzen nur die Stabilisierung des spek-
tralen Abstandes zwischen den individuellen Kammlinien des OFCs benötigt. In diesem Fall
kann der OFCG auf die Anwendung zugeschnitten und die Systemkomplexität reduziert werden.
Eine solche Anwendung ist der Quantentest der Universalität des Freien Falls (UFF) im Rahmen
der Experimentserie QUANTUS (Quantengase unter Schwerelosigkeit), die die Genauigkeit von
UFF-Tests verbessern will. Mit diesem Test soll der Freie Fall zweier atomarer Spezies, Ru-
bidium (Rb) und Kalium (K), in Mikrogravitation vergleichen werden. Ein solches Experiment
würde sehr von der Möglichkeit profitieren, optische Frequenzen in der Nähe des D2-Übergangs
von Rb (∼780 nm) direkt mit denen in der Nähe des D2-Übergangs von K (∼760 nm) ver-
gleichen zu können. Das Ziel dieser Doktorarbeit war die Entwicklung eines hochkompakten,
robusten, und weltraum-tauglichen diodenlaser-basierten OFCGs, der ein modengekoppeltes op-
tisches Spektrum in diesem Wellenlängenbereich emittiert.

Der diodenlaser-basierte OFC musste eine spektrale Bandbreite von wenigstens 13,5 nm bei
20 dBc aufweisen. Um Schwebungssignale mit den Rb- und K-Referenzlasern erzeugen zu kön-
nen, sollte die optische Leistung der Kammlinien bei 20 dBc mindestens 100 nW erreichen.
Zur Nutzung ähnlicher Steuerungs- und Stabilisierungselektronik wie im Interferometrieteil des
QUANTUS-Experiments war eine Pulswiederholrate bei 6,8 GHz oder Subharmonischen davon
gewünscht. Um die Vorteile des Frequenzvergleichs mit Hilfe des diodelaser-basierten OFCs
nutzen zu können, war eine RF-Linienbreite der stabilisierten Pulswiederholrate von weniger als
40 Hz (bei einer Pulswiederholrate von 6,8 GHz) erforderlich. Abschätzungen haben ergeben,
dass diese RF-Linienbreite mittels aktiver Stabilisierung erreicht werden kann, solange die
frei-laufende RF-Linienbreite 10 kHz nicht übersteigt. Im Rahmen dieser Arbeit wurde ein
diodenlaser-basierter OFC mit einer Pulswiederholrate von 3,4 GHz entwickelt, der eine spek-
trale Bandbreite von mehr als 16 nm (bei 20 dBc) bietet. Die Kammlinien dieses OFCs bei
20 dBc wiesen eine optische Leistung von mehr als 650 nW auf. Zudem wurde eine frei-laufende
Pulswiederholrate mit einer RF-Linienbreite von weniger als 10 kHz demonstriert.

Ein wichtiger Aspekt für die Realisierung eines weltraum-tauglichen diodenlaser-basierten
OFCGs war die hybride Integration dieses OFCGs in eine kompakte und robuste Technolo-
gieplattform, die für die Anwendung in zukünftigen QUANTUS-Experimenten entwickelt wurde.
Durch den Aufbau eines Demonstratormoduls im Rahmen einer Machbarkeitsstudie konnten kri-
tische Aspekte der Integrationstechnologie identifiziert und eine Integrationsstrategie entwickelt
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werden. Darauf aufbauend wurde ein diodenlaser-basierter OFCG, der eine große spektrale
Bandbreite aufweist, erfolgreich in eine Technologieplattform mit einer Grundfläche von nur
25 × 80 mm2 integriert.

Der Nachweis einer ausreichend hohen RF-Stabilität des OFCGs in Form der RF-Linienbreite
der Pulswiederholrate war im Rahmen dieser Arbeit erforderlich. Zu diesem Zweck wurde
eine experimentelle Testumgebung entwickelt, die die Stabilisierung der Pulswiederholrate auf
eine externe RF-Referenz erlaubt. Durch Anwendung einer Regelschleife mit einer Bandbreite
von ungefähr 72 kHz konnte eine stabilisierte Pulswiederholrate mit einer RF-Linienbreite von
weniger als 1,4 Hz (auflösungsbegrenzt) nachgewiesen werden. Dieses Ergebnis übertrifft die
Anforderung um mehr als eine Größenordnung.

Die Entwicklung des diodenlaser-basierten OFCGs, die im Rahmen dieser Arbeit durchgeführt
wurde, ist ein Wegbereiter für einen verbesserten Vergleich des Freien Falls von Rb- und K-
Quantengasen innerhalb der QUANTUS-Experimente in Mikrogravitation. Daher stellt diese
Arbeit einen wichtigen Schritt in Richtung eines Quantentests der Universalität des Freien Falls
in zukünftigen weltraum-basierten Experimenten dar.
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1. Introduction
In the past two decades, optical frequency combs (OFCs) have become an invaluable tool in
a multitude of applied science and fundamental physics applications. These range from, e.g.,
time keeping [1], to ranging [2], and sensing [3]. An emerging technology within the field of
sensing are quantum optical sensors for, e.g., testing fundamental physics models [4–7]. The
vast potential of OFCs was acknowledged in the awarding of the Nobel Prize in Physics to
J. Hall and T. Hänsch in 2005 [8, 9].

Typical optical frequency comb generators (OFCGs) provide an optical spectrum spanning
at least one octave or more [10]. This ultra-broadband optical spectrum allows for absolute
stabilization of the OFC [11] providing the means to measure optical frequencies absolutely [12]
and for comparing optical frequencies hundreds of THz apart [13]. The laser systems required to
enable this are based on mode-locked solid-state [14] or fiber [4] lasers, or nonlinear processes in,
e.g., micro-resonators [15]. Additionally, these highly complex laser systems typically comprise
an optically pumped laser medium, high power pump diode lasers, elements for spectral broaden-
ing, beam shaping and distribution optics, as well as dispersion control elements. Though efforts
are made to miniaturize the OFC generators, see, e.g., Refs. [4, 16], their complexity, power
consumption, and footprint are still significant. Thus, the implementation of absolute stabi-
lized OFCs in highly compact out-of-the-lab systems for field applications remains a formidable
challenge.

Considerable reduction of OFC system complexity can be achieved for those applications
that base on frequency comparison rather than absolute frequency determination [17]. Here,
only control of the spectral distance between the individual comb lines is required and absolute
stabilization of the OFC is not necessary. Further alleviation of system complexity is possible
for those applications that compare frequencies spaced only few or tens of THz. The OFCs
employed within such applications only need to cover the specific frequency interval between
the frequencies of interest. This can allow for the omission of additional spectral broadening
elements and can enable use of the OFC directly emitted from the mode-locked laser. However,
the need for optical pumping still makes mode-locked solid-state or fiber lasers cumbersome
devices. Additionally, control of the comb line spacing is not easily achieved for those lasers.

In contrast, mode-locked diode lasers offer not only control of their emission characteristics
through electrical bias, diode lasers can also be integrated into miniaturized laser modules. These
feature the level of compactness, robustness, and integrability that makes them ideal candidates
for applications in the field and even in space [6, 18–20]. Moreover, compound semiconductors
provide emission in most of the optical spectrum from the ultraviolet (UV) to the mid-infra-
red (IR) spectral range [21]. Since its first documentation in the 1970s, mode-locking of diode
lasers has become a well established technology across the accessible spectral range [22–25]. For
these lasers direct control of the comb line spacing is achieved via manipulation of the electrical
bias [24].
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1. Introduction

One application that would greatly benefit from a diode laser-based OFC in the wavelength
range around 780 nm are the QUANTUS (Quantengase unter Schwerelosigkeit; quantum gases
under weightlessness) experiments. These aspire to implement a quantum test of the universality
of free fall (UFF) in space by means of comparing the rate of free fall of different atomic species,
rubidium (Rb) and potassium (K) [6, 26–31]. Employing the respective D2 transitions, an OFC
spanning about 13 nm (approx. 7 THz) from 767 nm (approx. 391 THz) to 780 nm (approx.
384 THz) is required to facilitate frequency comparison and control experiments.

A similar spectral bandwidth of about 9 THz has already been reported for mode-locked
diode lasers in the wavelength range around 830 nm [32]. Further, a diode laser-based OFC
has been reported to be used as a means to control very closely spaced optical frequencies
around the D2 transition of Rb [33]. Another, more recent diode laser-based approach utilized to
generate an OFC is to inject the emission of a diode laser into a whispering gallery mode (WGM)
microresonator [34–36]. When the diode laser’s emission frequency is appropriately detuned
relative to the resonance frequencies of the WGM microresonator, an OFC is generated that
can span more than one octave. These OFCs are typically centered in the wavelength range
of 1550 nm. However, some of those OFC even extend down to around 780 nm when the
diode laser’s power is strongly amplified by a fiber amplifier before injection into the WGM
microresonator [34]. However, at the beginning of this work, to the best of my knowledge,
no diode laser-based OFCs existed in the wavelength range around 780 nm that provided the
spectral bandwidth required for the QUANTUS experiments, and no diode laser-based OFCG1

was available that provided the compactness and robustness required for experiments carried
out at a drop tower or in space.

The scope of this thesis, thus, is the development of a diode laser-based OFC which provides
a spectral bandwidth of more than 13 nm in the wavelength range around 780 nm for use in
future spaceborne QUANTUS experiments.

To introduce this thesis’ scope in more detail, the OFC as a tool for determination and control
of optical frequency differences is first discussed in the subsequent section. Then, the idea of the
QUANTUS experiments is presented and an advanced frequency stabilization scheme for future
QUANTUS experiments is sketched. Further, the status of the laser technology development for
the QUANTUS experiments at the beginning of this thesis work is described. Requirements on
a diode laser-based OFC for future QUANTUS experiments are identified. An overview of the
state of the art of OFCs in the wavelength range around 780 nm is given. This chapter closes
by highlighting the goals and outline of this thesis.

1.1. The optical frequency comb
Soon after the dawn of the laser [38, 39], generation of ultra-short (optical) pulses has been
observed, see e.g. Refs. [40–46]. Shortly afterwards in the early sixties, phase locking of
the longitudinal modes of a laser, also called mode-locking, was identified to be the underlying
mechanism producing those ultra-short pulses [47–50]. A prerequisite for successful mode-locking

1Parallel to the beginning of this thesis work, first tests of a drop-tower suitable fiber-based OFCG were carried
out [37]. However, this OFCG occupied the whole catapult capsule and was, thus, by far not compact enough
for implementation within the QUANTUS experiments.
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1.1. The optical frequency comb

is an equidistant frequency separation between the longitudinal modes making up the optical
spectrum of the laser [51, 52]. That comb-like optical spectrum produced by an ultra-short pulse
mode-locked laser, see schematic in Fig. 1.1, is known as an OFC.

Figure 1.1.: Schematic of an optical frequency comb (solid black lines in bottom graph). In the
time domain (top) the OFC is determined by a train of n pulses featuring a composition of a carrier
frequency ωca (black) and an envelope function (red) with a width of tp, a periodicity Trep, and
a carrier-envelope-offset (carrier-envelope-offset (CEO)) phase slip ∆φceo. In the optical frequency
domain (bottom) the OFC is determined by an envelope function (red line) with a center frequency
νc, an inter-mode spacing equal to the pulse repetition rate frep, a spectral bandwidth ∆νx at x dBc,
and a CEO frequency fceo.

Measurement of optical frequency differences by means of an OFC generated by a mode-
locked laser was first conducted in the late seventies [17]. Then, only a frequency interval of
1 GHz was bridged. Twenty years later, the frequency comb technique matured to allow for
measurements of frequency intervals of tens of THz, and also of absolute frequencies [12, 53, 54].
Absolute frequency measurement can be facilitated by means of stabilizing the pulse repetition
rate of the OFC, and stabilizing one of its comb lines to an atomic reference. The development
of OFCs spanning more than one octave [55, 56] then provided the means for phase-coherent
measurements of optical frequencies [57]. Since the first demonstration of an absolute stabilized
OFC spanning more than one octave, employment of such an OFC as an optical ruler for
precise measurements of absolute optical frequencies and frequency differences has become well-
established [58–62].

For the future QUANTUS experiments in which the OFC developed within this thesis is to be
employed, however, phase-coherent frequency measurement and comparison is not required. For
these experiments, an OFC suitably spanning the wavelength range of interest (approx. 13 nm,
and covering the K and Rb D2 transitions), and featuring suitable spectral and mechanical
characteristics is envisioned.

In the following, the tool OFC is presented. To that end, a theoretical description of an OFC
and a phenomenological description of its build-up is discussed. Further, measurement of optical
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1. Introduction

frequencies and frequency differences by means of an OFC is introduced.

1.1.1. Theoretical description of mode-locked operation

The subsequent description follows Ref. [63].
The time-dependent electrical field of a single optical pulse is a composition of a carrier of

frequency ωca and an envelope function Ê(t) written in complex notation as

Ep(t) = Ê(t) · exp [ i · (ωcat + φceo)] (1.1)

where φceo is the carrier-envelope-offset (CEO) phase. For a pulse train consisting of identical
pulses with a periodicity Trep traveling through a non-dispersive medium, so that φceo can be
considered constant, the electrical field is given as

E(t) =
∑︂

n

Ep(t − nTrep). (1.2)

In case of a pulse train traveling through a dispersive medium, however, the CEO phase evolves
from pulse to pulse by an amount ∆φceo due to the difference in phase and group velocity. Thus,
the n-th pulse experiences φceo,n = n∆φceo + φ0, where φ0 is the CEO phase at time zero, see
schematic in Fig. 1.1. The electric field of the pulse train is then given in the time domain as

E(t) =
∑︂

n

Ê(t − nTrep) · exp [ i (ωcat + n(∆φceo − ωcaTrep) + φ0)] . (1.3)

This corresponds to

E(ω) = eiφ0F(Ê)(ω − ωca)
∑︂
m

δ(∆φceo − ωTrep − 2πm) (1.4)

in the frequency domain where F(Ê)(ω) is the Fourier-transform of Ê(t).
If φ0 is equal for all pulses, as assumed in Eq. 1.3, the optical spectrum of the mode-locked

pulse train consists of equally spaced spectral lines of frequency

νm = mfrep + fceo (1.5)

where
fceo = ∆φceofrep/(2π) (1.6)

is the CEO frequency and
frep = 1

Trep
= c0

2ngLres
, (1.7)

is the pulse repetition rate. The pulse repetition rate is given by the inverse of the round trip
time Trep (periodicity) of the pulses in the laser resonator. It is calculated using the vacuum
speed of light c0, the group refractive index ng, and the length of the laser resonator Lres. The
identity of the inter-mode spacing in the frequency domain and the pulse repetition rate in the
time domain has been verified experimentally [53].
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1.1. The optical frequency comb

The laser intensity I(t) ∝ |E(t)|2 features the same periodicity as well. Using the intensity
distribution in the optical frequency domain, typical characteristics of the frequency comb such as
center frequency (center of gravity) νc and the spectral bandwidth ∆νx at x dBc are determined,
see Fig. 1.1. Including the time domain, characteristics such as the pulse width tp, typically
determined at full width at half maximum (FWHM) intensity, can be quantified, see Fig. 1.1.

1.1.2. Phenomenological description of mode-locked operation

Build-up of an OFC can phenomenologically be described as follows.
A free-running laser without any frequency-selective element features a multitude of longi-

tudinal optical modes with random phases. This case is illustrated in Fig. 1.2(left). Mode
competition leads to large fluctuations in the instantaneous frequency and the emitted intensity,
see Fig. 1.2(bottom left).

Spontaneous locking of (some) modes occurs when the modes have a constant (locked) phase
relationship [64, 65]. A spontaneously mode-locked wave packet forms. Maintaining the constant
phase relationship between the spontaneously locked modes allows this spontaneously formed
wave packet to travel back and forth in the laser resonator. In this case, a mode-locked optical
pulse is emitted from the laser at time intervals Trep corresponding to the resonator length,
see Fig. 1.2(right). Further modes can lock to the wave packet during its travel in the laser
resonator. This results in an increase of peak intensity of the wave packet compared to the case
of only spontaneously locked modes, see Fig. 1.2(bottom).
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Figure 1.2.: Schematic of the temporal distribution of multiple emitted longitudinal modes at a fixed
point outside the laser resonator: individual electric fields of (top, 10 modes for better visibility of
the individual modes) and their intensity (bottom, 100 modes for better comparison of free-running
and mode-locked operation) in a free-running (left) and (right) mode-locked laser. Free-running
operation features random phases between the modes where spontaneous locking of some modes can
occur. In mode-locked operation, in contrast, a phase-locked relationship between the modes exists
and leads to build-up of a wave packet in the laser resonator.
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1. Introduction

The wave packet can be maintained in the laser resonator if it experiences more optical net-
gain than the non-phase locked modes. This can be facilitated either by an element internal or
external to the laser resonator.

An external element is realized by, e.g., modulating the optical gain or losses of the laser at
a frequency corresponding to the inverse of the round trip time Trep of the wave packet in the
laser resonator. Here, a signal generator providing the modulation signal is required.

In contrast, an internal element is realized by, e.g., inserting a nonlinear element into the laser
resonator that provides less optical losses for higher optical powers. Thus, the power-dependency
of that internal element results in an overall net-gain for the appropriately mode-locked wave
packet and net-loss for the other, still free-running optical modes of the laser resonator. Such
an element is called a saturable absorber. Depending on the position of the saturable absorber
in the laser resonator, the wave packet is emitted from the laser resonator with a rate that
corresponds to the inverse round trip time or its harmonics [24, 66, 67]. In the former case, a
single wave packet travels inside the laser resonator. This is called fundamental mode-locking.
In the latter case, multiple wave packets are generated in the laser resonator. This case is called
harmonic mode-locking.

1.1.3. Measurement of optical frequencies and frequency differences

Determination of an unknown optical frequency ν1 (Fig. 1.3) by means of an OFC can be
realized in a two-step measurement, see, e.g., Ref. [68]. In the first step, the comb line number
mc1 of the closest comb line νc1, see Eq. 1.5, is ascertained using, e.g., a wavelength meter
that provides sufficient measurement resolution (∆νres ≪ frep/2). In the second step, a beat
note measurement between this OFC and the unknown optical frequency is performed yielding
a microwave (radio frequency (RF)) frequency |fb1| = |ν1 − νc1| that can precisely be detected
by a frequency counter. Assuming νc1 < ν1 as shown in Fig. 1.3, the optical frequency under
investigation is then given as

ν1 = νc1 + fb1 = mc1frep + fceo + fb1. (1.8)

The sign of fb1 can be determined from the frequency position of ν1 relative to νc1 in the first
step by, e.g. controlled breathing of frep. A consequence of Eq. 1.8 is that absolute control of
all parameters of the OFC, i.e. the pulse repetition rate frep and the CEO frequency fceo is
essential for accurate determination of an unknown optical frequency.

Figure 1.3.: Measurement of optical frequencies and frequency differences.
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1.2. A tailored optical frequency comb for a spaceborne experiment

Frequency differences between two lasers can be determined in a similar way, yielding

∆ν = ν1 − ν2 = (mc1 − mc2)frep + (fb1 + fb2) (1.9)

which only requires

(i) determination of the two comb line numbers mc1 and mc2,
(ii) determination of the repetition rate frep, and
(iii) counting of the RF beat note (in this case the sum frequency) between the two optical

beat notes fb1 and fb2 derived from overlapping the two lasers with the OFC.

Thus, in contrast to absolute optical frequency measurements, comparison of two optical fre-
quencies by measurement of their frequency difference eliminates the need to analyze and control
the CEO frequency fceo, see Eq. 1.9. Further, if only variations in the frequency difference are
of interest, then observing a microwave beat note of the two optically generated beat notes fb1
and fb2 is sufficient. While knowledge of the number of comb lines between the two frequen-
cies under investigation is not necessary here, stabilization of the pulse repetition rate frep is
essential to not produce frequency noise induced variations in the final beat note. An additional
measurement of the pulse repetition rate, however, allows for determination of its (residual) fre-
quency fluctuations which can then be observed in the determination of the frequency difference
of interest.

Thus, the implementation of an OFC spanning only the spectral bandwidth of interest for
measurement of frequency differences is possible. With this, the complexity of the required laser
system can be minimized.

1.2. A tailored optical frequency comb for a spaceborne experiment
The development of a tailored OFC, which was conducted within this thesis work, was moti-
vated by an application in the field of inertial sensing: a quantum sensor for testing the weak
equivalence principle (WEP), also known as the universality of free fall (UFF). Such tests are of
interest since quantum theories predict violations of the WEP [27, 69]. These violations could,
to date, neither be confirmed nor rejected by experiment. For quantum sensor-based tests, the
accuracy has been limited by, e.g., a too large thermally induced spread of the test masses,
limited interrogations times, and residual accelerations in the experimental chamber [27]. One
experimental series intending to push the accuracy for tests of the UFF are the QUANTUS
(Quantengase unter Schwerelosigkeit; quantum gases under weightlessness) projects, see, e.g.,
Refs. [6, 28, 30, 31, 70].

The framework of the QUANTUS collaboration encompasses not only the test of the UFF
itself, but also the development of the technology required to successfully conduct the experi-
ments on micro-gravity platforms, first in the drop tower of the ZARM (Zentrum für angewandte
Raumfahrttechnologie und Mikrogravitation; Center of Applied Space Technology and Micrograv-
ity) and later also onboard of sounding rockets. The development of the laser technology was
facilitated within the LASUS (Entwicklung von neuartigen Diodenlasersystemen für Präzision-
sexperimente unter Schwerelosigkeit für zukünftige TEXUS-Missionen; Development of novel
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1. Introduction

diode laser systems for precision experiments under weightlessness for future TEXUS missions)
project series. This thesis work was also conducted within the framework of the LASUS projects
for the QUANTUS experiments.

In this section, the objective of the QUANTUS experiments is introduced. An advanced fre-
quency stabilization scheme for future QUANTUS experiments is presented. Here, the advantage
of employing an OFC is highlighted. Then, the status of the diode laser technology that had
been developed within LASUS specifically for the QUANTUS experiments until the beginning
of this thesis work is described. This section closes with identifying the requirements on a diode
laser-based OFC for spaceborne tests of the UFF in the QUANTUS experiments.

1.2.1. The QUANTUS experiments: a test of the universality of free fall

The QUANTUS collaboration has made it its objective to employ the enhanced sensitivity of
quantum sensor technology, particularly of light pulse atom interferometry, in microgravity to
push the limit of measurement sensitivity for gravitational acceleration [70]. A light pulse atom
interferometer is an inertially sensitive Mach-Zehnder-type matter wave interferometer in which
the wave character of matter (atoms) is exploited to measure the inertial acceleration caused by
the gravitational force of the earth [71]. Manipulation of the atoms (beam splitting, redirection,
and re-combining) and read-out of the atom interferometer is facilitated by well-defined light
pulses from high power, narrow linewidth continuous wave (CW) diode lasers.

With a suitably oriented apparatus, the accumulated interferometer phase shift due to gravi-
tational acceleration is given by

Φ = keff aT 2, (1.10)

with the effective wave vector of the counter-propagating light pulses of the atom interferometer

keff = |⃗k1 − k⃗2| ≈ 2k = 4π/λ = 4πν/c0 (1.11)

with wavelength λ (frequency ν, vacuum speed of light c0), the local acceleration a and the
interrogation time T between the light pulses [27]. The relative amount of atoms in the two
output states of the interferometer allows for determination of Φ.

It can be seen in Eq. 1.10 that the sensitivity for measuring a scales quadratically with the
interrogation time T . Hence, large interrogation times are advantageous. One of the major
benefits of conducting experiments in a micro-gravity environment is the accessibility of these
large interrogation times due to the lack of gravitational pull on the test masses (the atoms)
towards the experimental chamber’s wall. Additionally, weightlessness offers benefits such as
improved preparation of the test masses [31, 70]. Further, in a micro-gravity environment
vibrational (acceleration) noise due to, e.g., seismic activity of the earth can be minimized or
even eliminated.

A test of the UFF can be performed with a light pulse atom interferometer by comparing the
gravitational acceleration a1 and a2 of two different atomic species in simultaneously conducted
experiments. The difference in acceleration is expressed by the Eötvös ratio [27]

η = 2a1 − a2
a1 + a2

(1.12)
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1.2. A tailored optical frequency comb for a spaceborne experiment

which is non-zero in case of the violation of the UFF. Using K and Rb atoms as test masses in
the same experiment simultaneously, as planned in future QUANTUS experiments [27], offers
several advantages [27, 30, 70, 72, 73]. First, the cooling mechanisms and the interactions of
Rb and K vapor mixtures are well-known [27]. Both atomic species feature a large difference in
mass, and a large variety of isotopes. Second, similar wavelengths of respective D2 transitions
of K and Rb, approx. 767 nm and 780 nm, respectively, allow for simplification of the laser
system design by use of the same optics, e.g., mirrors and retardation plates, as well as shared
optical fibers and a shared interferometry setup. Further, diode laser technology can be applied
as frequency comparison with an OFC requires only modest optical bandwidth (BW) of the
OFC.

Systematical errors, however, limit the measurement accuracy. A differential measurement
approach minimizes some noise sources by common mode rejection. Nevertheless, precise control
of the optical frequencies (via keff,i ≈ 2ki of each atomic species) is a fundamental requirement
for the experiment’s success. In existing setups of the QUANTUS collaboration, individual
frequency stabilization of two lasers emitting at around 767 nm and 780 nm to a K and Rb
atomic reference, respectively, is performed. Hence, the determination of the respective keff is
limited by the accuracy of the respective spectroscopy-based frequency stabilization. Further,
knowledge of the frequency difference between the K and the Rb interrogation lasers is also
limited by the spectroscopy-based frequency stabilization. However, referencing both lasers to
a common atomic reference (e.g. Rb) would allow to omit the other atomic reference (e.g. K)
and the associated uncertainty. A stabilization scheme implemented with an OFC that can
bridge the required frequency region spanning the approx. 13 nm (6.8 THz) from the Rb to the
K D2 transition frequency, about 384.23 THz (≈ 780.24 nm) and 391.02 THz (≈ 766.70 nm),
respectively, would be of advantage for successful implementation of future experiments.

1.2.2. An advanced frequency stabilization scheme for future QUANTUS
experiments

In essence, an advanced stabilization scheme can be understood as a determination of the fre-
quency difference of the K and Rb interrogation lasers, see Fig. 1.4(a). This scheme can be
facilitated by an OFC of which the pulse repetition rate has been stabilized to a microwave
reference fref . A schematic for a potential frequency control in future QUANTUS experiments
is sketched in Fig. 1.4(b). The electronics are shown in blue and the optical components are
sketched in black. The reference signals (f1, f2, fref ) feature a common frequency reference.

Firstly, the pulse repetition rate of the OFC is stabilized to a reference providing a reference
frequency of, e.g., fref = 6.8 GHz. This allows for use of similar electronics as for the preparation
of the interferometry beams, simplifying the electronics system. The optical frequency of the
reference laser for the Rb experimental part (CW 780 nm) is frequency-stabilized by means of
a Rb vapor cell. Then, one comb line of the OFC is frequency-stabilized to the Rb reference
laser. To precisely control the CEO frequency of the OFC, the phase of the RF beat note signal
between the Rb reference laser and the above-mentioned comb line of the OFC is compared to
the frequency of a RF frequency reference with an appropriately selected frequency f1, and the
resulting phase error is fed back to the CEO frequency of the OFC.

Secondly, frequency comparison of the reference lasers for K and Rb is conducted with the

9



1. Introduction

(a) (b)

Figure 1.4.: Schematic of an advanced (a) frequency comparison and (b) frequency control for
future QUANTUS experiments. The reference signals (f1, f2, fref ) feature a common frequency
reference.

OFC in order to offset stabilize the reference laser of the K part relative to that of the Rb
part. To this end, the optical frequency of the K reference laser (CW 767 nm) is compared
to that of the closest comb line of the OFC. A control signal for the K reference laser is
then generated by comparison of the phase of the RF beat note signal between the OFC and
the K reference laser and a second RF frequency reference f2, the frequency of which is set
appropriately. Alternatively, the beat note signals of the reference lasers for the K and Rb
experiment parts and the respective closest comb lines of the OFC can be directly compared to
generate a control signal fctrl for the K reference laser (sketched in pink). In this alternative
scenario, a stabilization of the OFC to the Rb atomic reference, which would imply an absolute
stabilization of the OFC, is not necessary, see Eq. 1.9.

The stabilization scheme, however, depends directly on the RF linewidth ∆frep of the pulse
repetition rate as can be illustrated as follows. Employing the stabilization scheme sketched in
pink in Fig. 1.4(b), the frequency stability of the Rb laser is transferred to the K reference laser
via the OFC. Thus, the K frequency νK can be described by

νK = νRb + ∆ν = νRb + νtrans + fb−Rb + fb−K (1.13)

where νRb is the Rb laser’s frequency, and fb−Rb and fb−K are the RF beat note frequencies
of the comb lines closest to the Rb and K D2 transition frequencies with the K and Rb lasers,
respectively. The frequency νtrans is the part of the frequency difference between the frequencies
of the K and Rb lasers that is directly bridged by the OFC.

With this stabilization scheme, the frequency uncertainty of the K reference laser frequency
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1.2. A tailored optical frequency comb for a spaceborne experiment

νK is given by
(δνK)2 ≈ (δνRb)2 + (δνtrans)2 , (1.14)

where δνRb is the frequency uncertainty of the spectroscopy stabilization of the Rb reference laser
at νRb and δνtrans is the frequency uncertainty introduced by the frequency stability transfer
with the OFC. The uncertainty introduced by the measurement of the beat notes of the comb
lines with the respective reference lasers for K and Rb is negligible as those frequencies can be
measured with sufficient accuracy in the RF domain. The uncertainty of the frequency transfer
is given by

δνtrans = ∆frep · νtrans

frep
, (1.15)

where the uncertainty of the pulse repetition rate is called the RF linewidth of the pulse repetition
rate ∆frep. In order for the uncertainty of νK not to be limited by the uncertainty of the transfer,

δνtrans ≪ δνRb (1.16)

is required. Hence, the requirement on the RF linewidth of the pulse repetition rate of the OFC
is given by

∆frep ≪ δνRb

νtrans/frep
. (1.17)

The natural linewidth of the Rb D2 frequency, which is in the range of megahertz [74], is used
as an upper limit for estimation of δνRb. Thus, when employing an OFC with a pulse repetition
rate frep of, e.g., 6.8 GHz, to transfer the frequency stability from the Rb to the K D2 frequency
(νtrans ≈ νK − νRb ≈ 6.8 THz), the RF linewidth of the pulse repetition rate is required to be
much smaller than 1 kHz.

Above, an upper limit for the RF linewidth of the pulse repetition rate has been estimated
purely based on the comparison with a frequency determination by means of spectroscopy. Now,
the actual goal of the QUANTUS experiments shall be taken into account. In the QUANTUS
experiments, the Eötvös ratio η (Eq. 1.12) of the local accelerations due to gravity in the K (1)
and Rb (2) atom interferometers is to be determined. It would be advantageous to connect the
intended measurement uncertainty δη of this ratio to the uncertainty δ(∆ν) of the frequency
transfer by the OFC and thus the RF linewidth of the OFC’s pulse repetition rate (Eq. 1.15).
This can be done as follows.

A differential measurement in the atom interferometers for K and Rb allows for determination
of the difference of the local accelerations

∆a = a1 − a2 (1.18)

of both quantum gases [75]. Any deviation of this difference from zero would then directly
imply a violation of the UFF. Typically, the denominator of the Eötvös ratio is determined
independently and given as an average [27, 75]

ā = a1 + a2
2 . (1.19)
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The Eötvös ratio can thus be written as

η = 2 · a1 − a2
a1 + a2

= ∆a

ā
. (1.20)

Hence, the relationship between the uncertainty δ(∆a) of the determination of the difference in
local accelerations and the uncertainty δ(∆ν) of the frequency transfer by the OFC needs to be
investigated.

With the accumulated phase shift Φ due to gravitational acceleration in the atom interfero-
meter (Eq. 1.10) and the effective wave vector keff (Eq. 1.11), the local acceleration ai of the
test mass i (i = 1 (K), 2 (Rb)) is described by

ai ≈ Φi

T 2
i

· c

4π
· 1

νi
. (1.21)

Using the frequency transfer scheme described above2, the frequency of the K laser can be
determined relative to the Rb laser as

ν1 = ν2 + ∆ν (1.22)

where ∆ν ≈ ∆νtrans is the frequency difference of the comb lines closest to the Rb and K laser’s
frequencies of interest. For the estimation of the measurement uncertainty δ(∆a), the microwave
frequencies of the beat notes of the comb lines closest to the K and Rb lasers’ frequencies with
the K and Rb lasers’ frequencies can be neglected. With this assumption and Eq. 1.21, ∆a is
given as

∆a = a1 − a2 ≈ c

4π
·
[︃Φ1

T 2
1

· 1
ν1

− Φ2
T 2

2
· 1

ν2

]︃
= c

4π
·
[︃Φ1

T 2
1

· 1
ν2 + ∆ν

− Φ2
T 2

2
· 1

ν2

]︃
(1.23)

with
∂(∆a)
∂(∆ν) ≈ c · Φ1

4πT 2
1

· (−1)
(ν2 + ∆ν)2 = −a1

ν1
. (1.24)

The contribution of the uncertainty of the frequency transfer to the single shot measurement
uncertainty δη of the Eötvös ratio is described by

(δη)2 =
(︄⃓⃓⃓⃓

∂η

∂(∆ν)

⃓⃓⃓⃓2
· (δ(∆ν))2

)︄
+ . . . . (1.25)

Thus, a lower limit for δη can be estimated by

δη >

⃓⃓⃓⃓
∂η

∂(∆ν)

⃓⃓⃓⃓
· δ(∆ν). (1.26)

2The emission frequency of Rb laser is stabilized to an atomic reference and the emission frequency of the K
laser is determined via transfer with the OFC, see Fig. 1.4(b).
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1.2. A tailored optical frequency comb for a spaceborne experiment

With Eq. 1.20 and Eq. 1.24, it follows that⃓⃓⃓⃓
∂η

∂(∆ν)

⃓⃓⃓⃓
=
⃓⃓⃓⃓

∂η

∂(∆a) · ∂(∆a)
∂(∆ν)

⃓⃓⃓⃓
≈
⃓⃓⃓⃓1
ā

·
(︃

−a1
ν1

)︃⃓⃓⃓⃓
= a1

ā
· 1

ν1
. (1.27)

Consequently, δη is described by
δη >

a1
ā

· 1
ν1

· δ(∆ν). (1.28)

With this estimation, the local acceleration a1 of the K test mass can be approximated by ā.
Thus, the upper limit of the uncertainty δ(∆ν) can be estimated by

δ(∆ν) < ν1 · δη ≈ 4 · 1014 Hz · δη (1.29)

where ν1 is the emission frequency of the K laser. It can be seen that the requirement on the
uncertainty of the frequency transfer with the OFC decreases with decreasing the intended
measurement uncertainty δη of the Eötvös ratio. A realistic target measurement uncertainty for
the Eötvös ratio in a single shot measurement is δη|single shot = 10−10 [27]. This target results
in a required uncertainty of the frequency transfer with the OFC of

δ(∆ν) < 40 kHz. (1.30)

Please note that a requirement equivalent to the one given in Eq. 1.30 would also apply to each
of the two spectroscopy stabilized lasers in a scheme without an OFC. However, utilizing the
scheme depicted in Fig. 1.4(b) relaxes the requirement on the uncertainty of the remaining
spectroscopy stabilization by about a factor of 60 (see App. A.1).

Using Eq. 1.15 and 1.30, the requirement on the RF linewidth of the pulse repetition rate of
the OFC is given by

∆frep <
δ(∆ν)

∆ν/frep
≈ 40 kHz

1000/nH
≈ nH · 40 Hz, (1.31)

with ∆ν ≈ 6.8 THz, and frep = nH · 6.8 GHz with the harmonic number nH .
To enable the experimental scheme described above for future QUANTUS experiments in a

micro-gravity environment, a suitable OFC is needed. At the beginning of this thesis’ work, no
OFCG was available that provided the required electro-optical performance as well as featured
the compactness and robustness needed for experiments conducted in micro-gravity at the drop
tower and in space. Therefore, a suitable technology platform for the integration of the OFCG
needed to be developed.

1.2.3. The LASUS projects: development of diode laser technology for use in the
QUANTUS experiments

Within the LASUS project series, the laser technology for the QUANTUS experiments is de-
veloped, realized, and readied for use in micro-gravity environments. These environments are
provided by, e.g., the ZARM drop tower facilities in Bremen and sounding rockets launched in
Kiruna, Schweden [6, 28]. Operation of the experimental apparatus at the drop tower facility
or onboard sounding rockets puts stringent requirements on the robustness, compactness, and
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energy efficiency of the experimental setups, specifically to a key element of the experimental
apparatuses, i.e. to the lasers for manipulation and detection of the atoms in the atom interfer-
ometer. Diode lasers are ideally suited for employment in harsh and demanding environments.
Their ability to operate in CW and mode-locked operation offers a significant advantage for the
development of an OFC tailored for the stabilization scheme sketched above.

To ready diode lasers for implementation in weightlessness, a multi-purpose micro-integra-
tion technology platform for semiconductor diode lasers and amplifiers was developed at the
Ferdinand-Braun-Institut, Leibniz-Institut für Höchstfrequenztechnik (FBH) within the LASUS
project series. That technology platform has shown to successfully operate under the harsh
conditions of micro-gravity experiments [19, 20, 70, 76–78]. This thesis’ work, the development of
a diode laser-based OFC for a spaceborne test of the UFF, is part of the LASUS-I and -II projects
within the Joint Lab Lasermetrology of the FBH and Humboldt-Universität zu Berlin (HUB).

Fig. 1.5 shows photos of micro-integrated continuous wave extended-cavity diode laser
(CW-ECDL) (left) and (continuous wave) master oscillator power amplifier (MOPA) (right)
laser modules available at the beginning of this thesis’ work. The technology platform fea-
tures a heatsink with a footprint of only 5 × 2.5 cm2. This heatsink carries a micro-optial
bench (MIOB) made of aluminum nitride (AlN) ceramics with a footprint of 5 × 1 cm2. Diode
laser chips, micro-optics and micro-electronics are directly integrated into the MIOB in a linear
optical layout. Electronic contact is realized via wire-bonding to contact pads carrying pin jacks.
It should be noted that numerous lasers of the MOPA-type have been operated for years in the
drop tower experimental apparatus of the QUANTUS experiments [79, 80].

5 cm 

2
.5

 c
m

 

ECDL 

5 cm 

MO PA 

Figure 1.5.: Photos of (left) a micro-integrated CW-ECDL and (right) a micro-integrated CW-
MOPA laser module designed for use in the QUANTUS laser system. Both modules’ laser output is
to the left-hand side of the modules. © FBH/schurian.

These laser modules constitute the (mechanical) baseline for this thesis’ work, the development
of a diode laser-based OFC. For mode-locked operation, however, the laser modules need to be
modified, e.g. to allow for appropriate biasing. Further limitations regarding the optical layout
of the OFCG are posed by the physical dimensions of the laser modules. Nevertheless, the use
of the same laser module body for CW and mode-locked diode lasers for the implementation of
the tailored OFC minimizes the complexity of the laser system for the QUANTUS experiments.
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1.2. A tailored optical frequency comb for a spaceborne experiment

Parallel to this thesis’ work, an advanced micro-integration technology platform with a higher
degree of integration was developed at FBH for those CW lasers to be implemented in sounding
rocket laser systems [20, 77]. An extended-cavity diode laser (ECDL)-type module is shown in
Fig. 1.6. The MIOB features multi-layer AlN ceramics with an overall footprint of 8 × 2.5 cm2.
It provides an RF-suitable electrical interface for the diode laser chip. The heatsink onto which
the module is clamped and the electronic boards attached to it provide a housing for the module.
Additionally, thermal control of the volume holographic Bragg grating (VHBG) is achieved by
means of an integrated micro-thermo-electric cooler (TEC).

8 cm 

CW-ECDL 

Figure 1.6.: Photo of an advanced ECDL-type laser module designed for use in sounding rocket
laser systems. The module’s laser output is to the left-hand side. © FBH/schurian.

As with the laser modules presented before (Fig. 1.5), this advanced ECDL-type laser mo-
dule requires modification for micro-integration of a diode laser-based OFC. Due to the higher
complexity of the OFC module, the modifications are necessary not only in terms of electrical
bias but also regarding the physical design of the modules.

At the beginning of this thesis’ work and parallel to the diode laser system developments,
the suitability of a fiber-based frequency comb for use in drop tower experiments was evaluated
within the project series LASUS, the project series PRIMUS (Präzisions-Interferometrie mit
Materiewellen unter Schwerelosigkeit; Precision interferometry with matter waves in zero gra-
vity), which is another project series in the scientific environment of the QUANTUS collaboration
[27, 37]. Although operation in drop mode was successfully demonstrated, it turned out that
the size of this fiber-based frequency comb did not allow for installing the actual experimental
setup into the same capsule. Hence, a more compact OFCG was required. This underlines
the need for employing the above introduced LASUS micro-integration technology to set up
a compact diode laser-based OFC spanning the wavelength range from the K to the Rb D2
transition wavelengths.

The development of such a tailored diode laser-based, micro-gravity compatible OFC in the
wavelength range around 780 nm is the main topic of this thesis.
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1. Introduction

1.2.4. Requirements on an optical frequency comb for spaceborne tests of the
universality of free fall in the QUANTUS experiments

The requirements on an OFC which can be implemented into the experiment sketched above are
twofold: on the one hand, spectral characteristics have to be fulfilled and, on the other hand,
platform-related technical demands have to be met.

Requirements on spectral characteristics

To implement frequency comparison with the emission frequency of the CW lasers in the ad-
vanced frequency control scheme for future QUANTUS experiments (Sec. 1.2.2), the comb lines
closest to the D2 transition wavelengths of K and Rb, respectively, must have sufficient opti-
cal power, discussed in more detail below, to allow for an analysis of the respective beat notes.
Experiments conducted by the Optical Metrology group at HUB have shown that a beat note be-
tween a comb line and an unknown optical frequency can be detected with a sufficient (coherent)
signal-to-noise-ratio (SNR) when the comb line features at least 100 nW of optical power [81].
In the following, the mode-locking characteristics of a suitable OFC will be derived.

For experiments using both the K and Rb D2 transitions, the OFC must cover the wavelength
region from about 766.70 nm (λK) to about 780.24 nm (λRb) with comb lines of sufficient optical
power. Thus, the OFC is required to feature a spectral bandwidth ∆λ in excess of 13.5 nm
(∆ν > 6.8 THz). If a symmetrical OFC with center wavelength λc of around 773.5 nm would
be realized, similar optical power at the comb lines closest to each optical frequency under
investigation would be achieved.

A pulse repetition rate frep of 6.8 GHz or its subharmonics allows for employment of the
microwave signal that serves as reference for the generation of the Raman laser beams applied
to implement beam splitter and combiner for the Rb atom interferometer. Thus, the pulse repe-
tition rate can be directly compared and stabilized to the hyperfine transition of the Rb D2
transition [27].

While the optical power of the comb lines closest to the K and Rb D2 transition frequencies
is the limit for employment of the diode laser-based OFC, it cannot easily be directly measured.
The average optical power of the OFC, in contrast, can be directly and easily measured during
the development process of an OFC suitable for the presented experiment. The average optical
power Pavg of the OFC required for providing a comb line power Pi = 100 nW at the K and
Rb D2 transition can estimated as follows. The optical power Pi of the comb line i can then
be estimated from the measured average optical power Pavg by calibration of the actual optical
power spectral density (PSD) ST (fi) of the comb line with the optical PSD SM (fi) measured
with a bandwidth ∆fBW using

Pavg =
∞∫︂

0

S(f) df =
∑︂

i

[ST (fi) · ∆fBW ] = A ·
∑︂

i

[SM (fi) · ∆fBW ] =
∑︂

i

Pi. (1.32)
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1.2. A tailored optical frequency comb for a spaceborne experiment

A is a calibration factor that can be determined using

A = Pavg∑︁
i

[SM (fi) · ∆fBW ] (1.33)

where the denominator is the area given by the measured optical spectrum. The bandwidth is
determined by the pulse repetition rate: ∆fBW = frep. Thus, the optical power Pi of comb line
i is given by

Pi = A · SM (fi) · frep = Pavg∑︁
j

[SM (fj) · ∆fBW ] · SM (fi) · frep. (1.34)

The optical spectrum of an OFC is typically recorded in the wavelength domain. However, the
individual comb lines of the OFC developed within this thesis’ work cannot be resolved with the
optical spectrum analyzer employed in this work3, see Sec. 3.4.1. Thus, the measured optical
spectrum can be assumed to be continuous.

For, e.g., a Gaussian shaped spectral profile the optical power of the individual comb lines
can be described by

Pi = frep · Pavg√
π · σ20

· exp
[︄
−
(︃

νi − νc

σ20

)︃2
]︄

(1.35)

where σ20 = ∆ν20/(2
√

ln 100) is an auxiliary variable which allows for implementation of
the spectral bandwidth ∆ν20 at 20 dBc. Thus, with Pi = PRb,K = 100 nW at 20 dBc and
frep = 6.8 GHz, a minimum average optical power of about 4 mW is estimated. Including a
safety factor of 2, a minimum average optical power emitted by the diode laser-based OFC of
8 mW is required.

In future QUANTUS experiments, the stability of the Rb laser is intended to be transferred
to the K laser via the OFC (Fig. 1.4(b)). To that end, the pulse repetition frequency of the OFC
is to be stabilized to a (microwave) reference frequency, and a comb line close to the emission
frequency of the Rb laser is to be stabilized to that frequency (Fig. 1.4(b)). By these means,
the OFC can be employed for the proposed frequency stability transfer to the K laser. For the
frequency transfer not to be limited by the phase stability of the pulse repetition rate of the OFC
(Eq. 1.15), the phase noise PSD of the pulse repetition rate is required to be below an upper
limit given by the (future) QUANTUS experiments. It will be shown later in this work, that
the phase noise PSD can be translated into a limit for the RF linewidth of the pulse repetition
rate. This limit could not yet be defined by the operators of the QUANTUS experiments at the
beginning of this thesis’ work. Thus, to allow for evaluation of the developed diode laser-based
OFC, an upper limit of the required RF linewidth of the pulse repetition rate will be estimated
in the following.

In Sec. 1.2.2, an upper limit for the RF linewidth of ∆frep < nH · 40 Hz (frep = nH · 6.8 GHz
with the harmonic number nH , see Eq. 1.31) has already been estimated based on the proposed
stabilization scheme depicted in Fig. 1.4(b). In this scheme, the pulse repetition rate of the OFC
is required to be stabilized. During the development of the diode laser-based OFC, however, it

3The employed pulse repetition rates (equal to the inter-mode spacing) of 6.8 GHz and 3.4 GHz correspond to
13.5 nm and 6.8 nm, respectively.
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1. Introduction

is impractical to immediately implement a stabilization of the pulse repetition rate. Thus, the
requirement for the RF linewidth of the free-running pulse repetition rate will be considered
in the following. Due to the stabilization of the pulse repetition rate, the RF linewidth of the
pulse repetition rate is typically reduced by several orders of magnitude. A reduction of the
RF linewidth of at least three orders of magnitude can typically be assumed. Hence, with an
RF linewidth of at most a few ten Hertz required in the experiment, an RF linewidth of at
most 10 kHz is required for a free-running (non-stabilized) pulse repetition rate during the
development of the OFC.

Tab. 1.1 summarizes the spectral requirements for the OFC.

Table 1.1.: Spectral requirements for diode laser-based OFC.

Wavelength region of interest λK - λRb ≈ 766.70 nm - 780.24 nm
Spectral bandwidth ∆λ ≥ 13.5 nm (20 dBc)
Pulse repetition rate frep = 6.8 GHz or subharmonics nH

RF linewidth stabilized
free-running ∆frep

< nH · 40 Hz (3 dBc)
< 10 kHz (3 dBc)

optical power per comb line Pcl ≥ 100 nW/comb line at λRb and λK

Average optical power Pavg > 8 mW

Platform-related technical demands

In the following, the platform-related demands will be presented.
The implementation of the diode laser-based OFC in future spaceborne experiments of the

QUANTUS collaboration poses stringent demands on the robustness of its technology platform.
Micro-integration of the laser into the technology platform developed at FBH, see Figs. 1.5 and
1.6, allows for exploitation of the platform’s already shown suitability for space deployment.
To maximize the robustness and compactness of the diode laser-based OFCG, the diode laser
is required to comprise as few components as possible. Following this, the platform-related
technical demands are as follows.

Due to the mechanical layout of both the micro-integration technology platforms, a linear
laser cavity of at most 50 mm length, including all laser components, can be micro-integrated
into them. Further, use of components similar to those employed in the CW lasers (diode
laser chip, beam shaping optics, and external components, e.g. external mirror) is required to
allow for exploitation of the existing micro-integration concept for CW lasers. The diode laser
chip must be mounted into a submount that can be micro-integrated into the platform. Thus,
the submount must be similar in dimension to those used for the CW lasers. The height of
the submount is required to be 1.1 mm. The width of the submount (perpendicular to the
laser’s optical axis) needs to measure less than 2.2 mm to allow for micro-integration into both
technology platforms. The length of the submount (parallel to the laser’s optical axis) needs to
be chosen according to the length of the diode laser chip providing the required resonator length
Lres (Eq. 1.7) if a solitary, monolithic diode laser is chosen. The length of a diode laser chip
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1.2. A tailored optical frequency comb for a spaceborne experiment

providing a pulse repetition rate of, e.g., 6.8 GHz, is about 6.3 mm assuming a group refractive
index of 3.5 which is in the typical range for diode laser chips emitting the wavelength range of
interest. In case of an ECDL-type laser configuration, shorter diode laser chips can be employed.
The length of the submount must be chosen appropriately to avoid beam clipping.

To allow for use of commercial external optical components in both, the development test
bed for the OFC and the micro-integration technology platform, components are required to be
mechanically machinable as custom-substrates and coatings can cost several thousands of euro.
These components are, e.g., micro-lenses, and an external mirror in case of an ECDL-type laser
configuration.

The micro-lenses employed for beam shaping need to provide a collimated output beam with
a beam diameter of about 600 µm (1/e2, intensity). The use of single micro-lenses is preferred to
simplify the laser setup and reduce the number of components of the laser. For the development
test bed, round micro-lenses with a diameter of about 3 mm are required. For micro-integration,
rectangular micro-lenses with a width of about 2 mm are required that provide a beam height
above the micro-optical bench of about 1 mm. Use of the same micro-lenses at the laser output
and in the extended cavity is preferred to minimize the system complexity.

As the developed OFCG is be micro-integrated, an external mirror featuring the same charac-
teristics, e.g. in particular regarding the coating, needs to be used in both, the test bed during
the development of the OFC and in the micro-integrated technology platform. The requirements
on the coating of the external mirror are as follows. To avoid distortion of the optical spectrum
which might cause spectral narrowing, a spectral bandwidth of the coating of the external
mirror of at least 40 nm is necessary. Further, timing (phase) distortions due to group velocity
dispersion (GVD) across the spectral range of the pulses are to be avoided. Thus, nearly-zero
GVD across the spectral bandwidth of the coating is required. The size requirements on the
external mirror are as follows. For the development test bed an external mirror with a substrate
diameter of 1/2" or 1" is required. In contrast, for micro-integration an external mirror with a
surface area of about 2 × 4 mm2 with and substrate thickness of about 1 to 2 mm is required.
Further, an external mirror is required to avoid parasitic optical feedback into the diode laser
chip. This can be realized by implementation of a wedged substrate for the external mirror.

The multi-purpose multi-port electrical interface of the technology platforms provides the
basis for implementation of a mode-locked diode laser generating the OFC. Thus, on this end,
no further requirements are posed.

Tab. 1.2 summarizes the platform-related requirements for the OFCG.
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Table 1.2.: Platform-related requirements for diode laser-based OFCG.

laser layout linear cavity
length of laser cavity ≤ 50 mm
submount for diode laser chip electrical compatibility

height = 1.1 mm
width < 5 mm (1st gen.), < 2.2 mm (2nd gen.)
length ≤ 6.3 mm for frep = 6.8 GHz

external optical components same for development test bed and for micro-integration
mechanically machinable

- micro-lenses collimated beam diameter (1/e2, intensity) ≈ 600 µm

for test bed round substrate
diameter = 3 mm

for micro-integration
rectangular substrate
width ≈ 2 mm
for beam height ≈ 1 mm

- external mirror spectral bandwidth of coating > 40 nm
nearly-zero GVD across spectral bandwidth
wedged substrate with dimensions:
for test bed mirror diameter ≤ 1"

for micro-integration mirror area = 2 × 4 mm2

substrate thickness < 2 mm
electrical interface compatible with mode-locked diode lasers

1.3. State of the art optical frequency combs operating in the
wavelength region around 780 nm

Tab. 1.3 summarizes state of the art OFCGs operating in the wavelength region around 780 nm.
Here, the wavelengths λ1 and λ2 denote the shortest and longest wavelength of the OFC, respec-
tively, that feature an optical power of at least 20 dBc (without wavelength peak of the pump).
Also listed, if available, are the spectral bandwidth ∆λ20 at 20 dBc, the pulse repetition rate
frep, and the FWHM RF linewidth ∆frep of the free-running4 pulse repetition rate.

While solid-state, see, e.g., Refs. [83–85], and fiber-laser-based, see, e.g., Refs. [86, 87], OFCGs
easily encompass the wavelength region of interest, they are highly complex systems comprising
a pump laser, power amplifier elements, and spectral-broadening components.

In contrast, micro-resonator-based OFCGs show a high potential for realization in a compact
and space-suitable set-up as they can be electrically pumped [36]. While generation of an OFC
with micro-resonators is possible in the wavelength range around 780 nm, see, e.g., Ref. [82], the
spectral bandwidth provided is well below the requirement of more than 13.5 nm (at 20 dBc).

4In case of micro-resonator-based OFC, the pulse repetition rate of the laser is self-locked to the light that is
back-scattered from micro-resonator [82]. As no additional locking electronics were employed, the RF linewidth
is considered free-running.
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To cover the spectral bandwidth of interest for this thesis, this type of OFCG typically also
requires power amplification and spectral broadening, see, e.g., Refs. [88–90]. Nevertheless,
Yu et al. (Ref. [90]) demonstrated a micro-resonator-based OFC providing optical power at the
comb line closest to the Rb D2 transition, approximately 0.3 µW, which is sufficient for beat
note generation.

In contrast, directly generating an OFC of suitable spectral bandwidth from a diode laser,
as stated above, allows for a very compact and robust OFCG. Both, quantum dot (QD)- and
quantum well (QW)-based, devices have been employed for that purpose, see, e.g., Refs. [91–
93]. Spectral bandwidths of about 25 nm at 20 dBc were reported for QD-based diode lasers
[93]. Further, QD-based devices, typically, feature a high RF stability [91]. However, the center
wavelength for QD-diode laser based OFCs is typically in the telecom wavelength range of
1300 nm [92] or 1550 nm [93]. Thus, in the wavelength range around 780 nm, QW-based diode
lasers are typically employed. Spectral bandwidth at 20 dBc of about 20 nm and about 13 nm
were reported for diode laser-based OFCs emitting at around 830 and 850 nm, respectively,
see Refs. [32, 94]. The employed laser resonators, however, were very long extended cavities
(Lres > 23 cm). For similar lasers emitting below 800 nm in or close to the wavelength region of
interest, the reported spectral bandwidths at 20 dBc are smaller than 10 nm, see, e.g., Refs. [95–
98]. In the vicinity of 780 nm, mode-locked semiconductor lasers providing a spectral bandwidth
of up to 5 nm at 20 dBc were reported [95–97]. Further, passively mode-locked semiconductor
lasers with a spectral bandwidth of about 4.5 nm at around 795 nm and a pulse repetition rate
of around 6.85 GHz were demonstrated [97, 99].

For comparison, results achieved within this thesis’ work are also shown in Tab. 1.3 for those
laser designs that provided the maximum spectral bandwidth at 20 dBc (asymmetric double
quantum well (aDQW) laser) and the minimum RF linewidth (symmetric double quantum
well (sDQW) laser).

Table 1.3.: State of the art OFC generation in the wavelength range of 780 nm. λ1 and λ2 denote
the shortest and longest wavelength of the OFC, respectively, that feature an optical power of at
least 20 dBc (without wavelength peak of the pump). Also listed, if available, are the spectral
bandwidth ∆λ20 at 20 dBc, the pulse repetition rate frep, and the FWHM RF linewidth ∆frep of
the free-running pulse repetition rate. The star (*) denotes parameters estimated from figures given
in respective references. The plus (+) denotes a spectral bandwidth at 40 dBc, as that OFCG (Ref.
[90]) provided an optical power (denoted (0.3 µW)) sufficient for beat note generation. The mode-
locking performance parameters achieved in this work are given for those laser designs that provided
the maximum spectral bandwidth at 20 dBc (aDQW laser), and the minimum RF linewidth (sDQW
laser).

λ1/nm - λ2/nm ∆λ20/nm frep/GHz ∆frep/kHz Pavg/mW [Ref.] (year)
solid-state OFCs

400 - 1800 1400 * 0.08 – – [83] (2019)
675 - 1395* 750 * 1.05 – – [84] (2017)
510 - 1110* 590 * 0.22 – – [85] (2017)

fiber laser-based OFCs
660 - 2100* 1440 0.25 – – [86] (2012)
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Table 1.3.: (continued)
λ1/nm - λ2/nm ∆λ20/nm frep/GHz ∆frep/kHz Pavg/mW [Ref.] (year)

510 - 1370* 860 * 0.1 – – [87] (2017)
micro-resonator-based OFCs
1508 - 1543* 35 * 149 – – [36] (2019)
700 - 2000 1300 15 – – [88] (2018)
780 - 1610*+ 830 *+ 1000 – (0.3 µW) [90] (2019)
773 - 783* 9 * 20 – – [89] (2017)

779.2 - 780.8 1.6* 10 12 · 10−3 – [82] (2014)
950 - 2150* 1200 * 15 – – [88] (2018)

diode laser-based OFCs
QD-based devices
1281 - 1294* 13 * 39.5 – – [92] (2014)
1523 - 1548* 25 * 21.5 450 1 [93] (2017)
QW-based devices

765 - 768* 3 * 20 – – [95] (2014)
782.3 - 783.8* 1.5* 0.5 – – [96] (2007)
791.5 - 796* 4.5* 6.8 – – [99] (2011)

793 - 798* 5 * 6.8 95 · 100 – [97] (2012)
824 - 830* 6 * 2.5 – – [98] (2006)
815 - 845* 30 * 0.65 – – [32] (1995)
844 - 857* 13 * 0.13 – – [94] (2015)

this work
aDQW laser

769 - 785 16.1 3.4 5.7 · 100 25.4 [100] (2017)
sDQW laser

786 - 792 6.3 3.4 6 · 10−4 91.3
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1.4. Thesis organization

1.4. Thesis organization
This thesis’ work was carried out within the framework of the LASUS-I and -II projects. In the
following, the goals of this thesis are summarized and the outline of this thesis is presented.

1.4.1. Goals of this thesis

The main goal of this thesis is to develop a diode laser-based OFC for future spaceborne tests of
the UFF within the QUANTUS experiments. The requirements on the OFC performance and
the OFCG were discussed in detail in Sec. 1.2.4.

The spectral constraints demand for a mode-locked optical spectrum spanning from about
766.7 nm to 780.2 nm. The pulse repetition rate is required to be 6.8 GHz or its first subharmonic
(nH =1/2) for implementation in future QUANTUS experiments. The first subharmonic is the
minimum pulse repetition rate due to the maximum resonator length (≈ 50 mm) that can
be realized on the intended micro-integration technology platform. The RF linewidth of the
free-running pulse repetition rate shall not exceed 10 kHz. The comb lines closest to the K
and Rb D2 transition wavelengths are required to feature an optical power of at least 100 nW
for implementation of this OFC in the advanced stabilization scheme for future QUANTUS
experiments. Thus, a minimum average output power of 8 mW was estimated. To enable the
development of the diode laser-based OFC, an experimental setup and a measurement setup to
investigate the mode-locking performance of the lasers under test is to be designed and realized.

The second objective of this thesis is to develop a concept for micro-integrating the diode
laser-based OFC into the existing micro-integration technology platform developed at FBH for
CW-ECDLs. Thus, within this thesis, a diode laser-based OFC is to be micro-integrated for the
first time.

The third objective of this thesis is to demonstrate that the pulse repetition rate of the diode
laser-based OFC can be actively stabilized to an RF frequency reference. The reduction of the
RF linewidth by means of active stabilization is essential for accurate frequency comparison by
means of the OFC.

1.4.2. Outline of this thesis

This thesis is organized as follows.

Chapter 2 introduces the mode-locked diode laser as an optical frequency comb generator.
First, techniques to mode-lock a diode laser are presented. Then resonator concepts for edge-
emitting mode-locked diode lasers are discussed. Further, the layout of the diode laser chips
(epitaxial layer, lateral, and longitudinal structure) and the passive laser components (lenses
and external mirror) are presented.

Chapter 3 presents the laser test mount and the experimental setup which are developed to
characterize the mode-locking performance of the diode laser under test. The laser test mount
comprises individual mounts for the components of the diode laser that provide the means for
the exchange of individual components of the diode laser-based OFCG during the development
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process. The laser test mount is integrated into the experimental setup which comprises an opto-
mechanical setup for beam distribution to the measurement instruments that allow for recording
of the mode-locking performance. Further, the experimental techniques are introduced that are
utilized within this work to characterize the mode-locking performance in the optical frequency,
RF frequency, and time domain as well as in terms of the emitted optical power.

Chapter 4 begins with detailing the strategy employed to evaluate the diode laser’s mode-
locking performance. Then the optical design of the ECDL is discussed in terms of the beam
shaping optics, external mirror, and resonator length. It is found that single aspheric micro-
lenses, a plane dielectric mirror, and a resonator length of about 44 mm offer the best mode-
locking performance in terms of spectral bandwidth and RF stability. In a subsequent step, the
influence of the epitaxial design is investigated. Diode laser chips with an epitaxial layer structure
featuring a double quantum well (DQW) active region are employed. Symmetric and asymmetric
DQW structures are compared. It is shown that the latter design can be used to generate an
OFC spanning (more than) the required 13.5 nm at 20 dBc compared to the symmetric DQW
approach which only provides a spectral bandwidth of at most 7.5 nm. Diode lasers implementing
the asymmetric DQW design achieve an RF linewidth well below the required 10 kHz. Next,
the longitudinal design of the available diode laser chips is investigated. Further, evaluation of
the diode laser chips’ facet reflectivities is conducted showing preference to lower reflectivities.
At the end of chapter 4, the dependence of mode-locking performance of the best suited diode
laser on the values of the operating parameters is presented in detail.

Chapter 5 presents the successful micro-integration of passively mode-locked extended-cavity
diode lasers (ML-ECDLs) for the first time. To that end, a micro-integration concept is de-
veloped based on the already existing concept for the implementation of CW-ECDLs. The
micro-integration concept comprises modifications of the existing micro-integration platform
and modifications of the existing micro-integration procedure. A proof-of-concept demonstrator
diode laser-based OFC laser module is realized. Lessons learned from this ML-ECDL module are
applied to advance the micro-integration concept. An advanced ML-ECDL module is realized
based on this concept. The mode-locking performance of each micro-integrated laser module is
compared to that of a structurally identical diode laser-based OFCG mounted in the laser test
mount. Lastly, possible future improvements of the micro-integration concept and technology
are suggested.

Chapter 6 describes experiments to stabilize the pulse repetition rate of the diode laser-based
OFC developed in this thesis. The injection current into the gain section of the diode laser chip
is employed as an actuator for manipulation of the pulse repetition rate. A servo bandwidth of
around 70 kHz is achieved.

Chapter 7 summarizes the results of this thesis and suggests future improvements of the diode
laser-based OFCG and the micro-integration technology platform. This thesis is closed with an
outlook towards future implementations of diode laser-based OFCs in field and space experi-
ments.
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2. Mode-locking of semiconductor lasers

2.1. Introduction to mode-locked diode lasers

Soon after the first experimental demonstration of the laser in 1960 [39], semiconductor lasers
were realized in 1962 [101]. However, while mode-locking of solid-state or vapor based lasers
was reported early on, only partial mode-locking of semiconductor lasers was reported up to
the early 70s [102, 103]. Successful mode-locking of a semiconductor laser was first reported in
the late 70s when efficient diode laser (double hetero-)structures became available [22, 104–106].
Since then, various approaches to mode-locking a diode laser have been realized by, e.g., external
modulation, inhomogeneous current injection, and saturable absorber elements both external of
or monolithically integrated into the diode laser chip [105, 107–109]. These lasers have been
realized with different resonator concepts like ring and folded as well as linear cavities [110–112].
Further, different epitaxial concepts such as QW and QD concepts have been employed to realize
mode-locked diode lasers [92, 93, 113] featuring a large spectral bandwidth.

In the wavelength range near 780 nm, diode lasers featuring QWs are well-established for
narrow linewidth CW operation [114]. This thesis’ work followed a two-step approach in order
to develop an OFCG in the wavelength range near 780 nm based on diode laser featuring
QWs. First, an initial design for the laser chips was selected and laser chips were manufactured
accordingly by FBH. The performance of the OFCs based on these chips was analyzed. Second,
the results were used to advance the laser chip design for mode-locked operation with a large
spectral bandwidth.

In the sections of this chapter, the diode laser chips employed in this work is introduced.
Techniques to mode-lock semiconductor lasers are presented and evaluated for the purpose of
this work. Further, optical gain and absorption in mode-locked diode lasers are discussed. Then,
two resonator concepts for mode-locked diode lasers are evaluated and compared. Finally, passive
optical components (lenses, feedback mirror, facet coating) of an ML-ECDL and their influence
on the mode-locking performance are described.

2.2. Diode laser chips

A diode laser chip is, in essence, a stack of epitaxial layers of semiconductor material featuring
transverse and longitudinal optical mode and carrier confinement structures realized by a litho-
graphic process. A schematic of an edge-emitting diode laser, as used in this work, is depicted in
Fig. 2.1. The transverse structure herein combines vertical (direction perpendicular to epitaxial
layers) and lateral (direction parallel to the epitaxial layers and parallel to the facets) structures
of the diode laser chip. The longitudinal structure of the diode laser chip, in contrast, is given
along the optical axis of the laser (direction perpendicular to the facets). This structure com-
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prises the laser resonator that is formed by either the (partial reflection (PR) coated) facets of
the diode laser chip or the mirrors external to the diode laser chip, see Fig. 2.8 and 2.9.

Figure 2.1.: Schematic of a sectioned diode laser chip. (not to scale)

This section gives an insight on general aspects of the type of diode laser chips which are
used in this thesis’ work. The vertical and lateral carrier and optical confinement methods are
presented. To that end, the epitaxial (vertical) structure of the laser diode is described and
optical gain and saturable absorption are discussed.

Epitaxial layer structure of the diode laser chip

The epitaxial layer structure of the diode laser chips provides, amongst others, the means for light
emission as well as vertical confinement of the optical mode. To that end, a so-called separate
confinement heterostructure (SCH) is employed. It combines an active double heterostructure
(p-i-n structure) and a passive optical waveguide, see schematic in Fig. 2.2. The active structure
enables efficient vertical carrier transport into and carrier confinement within the active region
to provide optical gain. The passive structure provides vertical optical mode confinement for
the generated optical fields. The epitaxial layer structure is grown by metal-organic vapor-phase
epitaxy (MOVPE) on gallium arsenide (GaAs) substrates. This technique allows for precise
control of stoichiometric composition and thickness of the layers to adjust the optical gain and
optical mode [115]. Metal contact layers on the top and bottom of the epitaxial layers allow for
electrical biasing of the diode laser chip.

A III-V compound semiconductor featuring a direct band-gap is employed for light generation
in the spectral region of interest around 780 nm. The active region of these diode lasers is realized
as a DQW structure for efficient light emission. In this work, the active region comprises a tensile-
strained QW design based on gallium arsenide phosphide (GaAsP) QWs and undoped GaAs
barrier layers. This design is used to allow for reliable and efficient devices [114]. The wavelength
of maximum optical gain is defined by the thickness of the layers of the active region and the
stoichiometric ratio of arsenic (As) and phosphorus (P) in the QWs. Customization of this ratio
for each QW individually will be utilized in this work to facilitate a large spectral bandwidth,
mode-locked operation.

The active structure is located between aluminum gallium arsenide (AlGaAs) epitaxial layers
that form the vertical optical waveguide, see Fig. 2.2. Appropriate p- and n-doping of the
AlGaAs optical waveguide material with carbon (C) and silicon (Si), respectively, allows for
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2.2. Diode laser chips

Figure 2.2.: Schematic of the epitaxial layer structure of a diode laser chip, corresponding to the
diode laser chip depicted in Fig. 2.1. (not to scale)

efficient carrier transport to the active region and supports the establishment of an efficient op-
tical waveguide structure. Careful design of the optical waveguide enables suppression of higher
order vertical modes. To allow for the implementation of the diode laser chip in the experimental
scheme sketched in Sec. 1.2.2, a high optical output power is required, see Sec. 1.2.4. However,
the magnitude of optical intensity could cause diode laser chip failure due to catastrophic opti-
cal mirror damage (COMD). Thus, an asymmetric super-large optical cavity (ASLOC) design
is implemented to realize a large vertical optical waveguide which, for a given optical power,
reduces the optical intensity by widening the optical field [116]. Consequently, the confinement
factor that is defined as the overlap fraction of the vertical distribution of the optical power J(x)
with the gain region of thickness daz [115]

Γ =

daz/2∫︂
−daz/2

J(x) dx

∞∫︂
−∞

J(x) dx

(2.1)

is small. Further, the resulting large vertical mode field diameter leads to a small vertical far
field divergence angle of the radiation emitted out of the facets. This is beneficial for the micro-
integration as nearly round mode fields can be realized so that round aspheric lenses with modest
numerical aperture (NA) can be employed.

Ontop of the above described epitaxial layers of the p-side waveguide and cladding, an insulator
layer is deposited after forming the lateral structure of the diode laser chip that is subsequently
discussed. Typically, this insulation is a layer of silicon nitride (SiNx) with a thickness of a few
hundred nanometer. Finally, a metalization comprising layers of titanium, platinum, and gold,
that is in sum a few hundred nanometer thick, is deposited on the p- and n-side of the wafer to
provide the p- and n-side electrical contact, respectively.
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Lateral structure of the diode laser chip

Lateral confinement of the carriers and the optical mode is either implemented via so-called
gain-guided or index-guided stripe-geometry [117].

The gain-guided confinement is realized by implementation of an aperture for current injection.
This current aperture is formed by omitting the insulator across a defined area ontop of the p-
side of the vertical optical waveguide. This area is defined by lithographically structuring the
diode laser chip after epitaxial growth. Light is emitted in the active region below the current
aperture in an effective width much broader than the current aperture width due to current
spreading. The optical mode is, thus, laterally confined to that area. The spreading, however,
results in a low carrier density and consequently high threshold currents.

The index-guided confinement enables lateral confinement of the optical mode by means of an
effective index step. This index step profile can be realized by etching a narrow ridge into the
p-side of the diode laser chip before the deposition of the insulator and p-side metalization, see
Fig. 2.1 and 2.2. The optical structure formed is, thus, called a ridge waveguide. Typically, the
ridge waveguide does not need to be etched through the active region to allow for lateral single
mode operation [115]. Additionally to providing the means for optical confinement, the ridge
waveguide allows for reduction of current spreading from the current aperture on top of the ridge
waveguide (Fig. 2.1) compared to the gain-guided confinement. Thus, a high carrier density and
consequently low threshold currents are possible [115]. Typical effective index steps of about
10−3 are implemented for fundamental lateral optical mode operation [118]. Appropriate design
of the lateral confinement in conjunction with the vertical confinement enables a (nearly) round
fundamental transverse optical mode profile minimizing the number of beam shaping optics. In
optimal cases a single round lens can provide a round collimated beam.

The diode laser chips employed in this work use lateral index-guided confinement. It is im-
plemented by means of a 4.0 µm wide ridge waveguide which is not etched through the active
region. The ridge waveguide is realized by etching 20 µm wide trenches into p-side epitaxial
layers, see Fig. 2.1.

Longitudinal structure of the diode laser chip

The diode laser chips employed in this work are segmented into sections in the longitudinal
direction, see Fig. 2.1. By this means a short and a long section are realized that, appropriately
biased, will provide a saturable absorber and a gain section, as will be discussed in the next
paragraph.

These sections are implemented as follows. During epitaxial growth of the wafer, the meta-
lization on the p-side of the wafer is omitted at designated areas in longitudinal and lateral
direction (Fig. 2.1) to provide electrical isolation between the longitudinal sections. Typically,
these areas are additionally implanted with helium ions to further electrically isolate the sections.
The electrical contact on the n-side of the diode laser chip is not sectioned which provides a
common n-contact for the saturable absorber and gain section.

In addition to realizing these sections, electrically isolating areas are typically implemented
close to the facets. By that means, an accumulation of carriers close to the facets can be avoided
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as that could lead to COMD.
In this work, a typically 100 µm long section is, thus, electrically isolated from the rest of the

diode laser chip. Additionally, an about 15 µm wide electrically isolating area is implemented
at both facets of the diode laser chip.

2.3. Mode-locking techniques

This section gives an overview over mode-locking techniques for diode lasers. These techniques
can be divided into three categories: active, passive, and a combination thereof called hybrid
mode-locking.

2.3.1. Active mode-locking

Active mode-locking involves modulation of the round trip gain of the laser resonator at a
frequency frep synchronized with the inverse round trip time Trep or its harmonics or sub-
harmonics [112, 119–121]. In the frequency domain, this gain modulation results in the locking
of the longitudinal modes of the laser resonator that feature a frequency distance of frep [122].
In the time domain, a pulse train comprising (identical) pulses with a temporal distance of Trep

from each other is emitted from the laser resonator.
The physical implementation of gain modulation is based on the realization of a modulation of

the carrier density. The carrier density and, thus, the gain is modulated with an appropriately
chosen RF frequency signal superimposed onto the direct current (DC) injection current. Often,
a sinusoidal signal is chosen to be superimposed onto an injection current close to the threshold
current of the diode laser. The resulting gain modulation is sketched in Fig. 2.3(a). The cor-
responding electrical interface is shown in Fig. 2.3(b). It can be seen that modulation of the
carrier density around the value corresponding to the threshold current density results in a short
increase of the gain above the loss. Thus, a short net-gain window is created during the time
when the carrier density exceeds the value corresponding to the current threshold for lasing. In
this short time interval, the actively mode-locked optical pulse is formed.

(a) Gain modulation (b) Electrical interface

Figure 2.3.: Active mode-locking of a diode laser: Schematic for (a) modulation of the gain and
(b) corresponding electrical interface for the edge-emitting diode laser chip for superposition of a DC
injection current and an RF modulation signal. The optical pulse produced by the RF modulation
of the optical gain is sketched in (a).
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The achievable minimum pulse width and, hence, the maximum spectral bandwidth depend,
amongst others, on the temporal width of the net-gain window as well as the steepness of the
modulation signal [112, 123]. To avoid failure of the diode laser chip due to a too high amplitude
of the modulation signal, only a modulation signal with a limited amplitude can be implemented
for a given modulation frequency. For the typically sinusoidal modulation signal, this, however,
limits the steepness.

Further, a high frequency RF signal generator is typically required for actively mode-locking a
diode laser. For, e.g., a monolithic diode laser with a 1 mm long optical resonator, a modulation
frequency of around 40 GHz is required for fundamental mode-locking. The frequency of the RF
signal can be reduced significantly if a long laser resonator is used, see Eq. 1.7. For an optical
resonator length of 10 cm, a modulation frequency of only 1.5 GHz is required.

Nevertheless, subpicosecond pulses have been obtained from an active mode-locked semicon-
ductor laser, see, e.g., Ref. [112]. The need for a low noise signal generator, however, makes this
approach unappealing for realizing a very compact mode-locked diode laser. Thus, this technique
is not employed in this work.

2.3.2. Passive mode-locking

Passive mode-locking, in contrast to active mode-locking, requires the implementation of a non-
linear absorbing element into the laser resonator which will cause self-modulation of the optical
field propagating in the optical resonator [123, 124]. For a diode laser, this is typically imple-
mented by means of a saturable absorber. In a diode laser a saturable absorber can be realized
by electrically separating a short section of the diode laser chip or by adding an additional,
separate semiconductor segment to the laser resonator. The main requirement for pulse genera-
tion is that the loss in the saturable absorber section saturates at a lower energy than the gain
in the (DC current injected) other section. This requirement can be expressed in terms of the
saturation energy Ea

s and Eg
s of saturable absorber and gain section, respectively [122]:

Ea
s = ~ωAa

∂a/∂Na

<
~ωAg

∂g/∂Ng

= Eg
s (2.2)

where ω is the angular optical frequency, and ∂a/∂N and ∂g/∂N are differential absorption and
differential gain with respect to the carrier density, respectively. Aa and Ag are the effective cross-
section areas of the optical mode in the saturable absorber (a) and gain (g) section, respectively.
These effective areas are given by Aa,g = Aaza,g /Γa,g where Aaza,g is the area of the active region
and Γa,g the confinement factor in the respective sections.

For a sectioned diode laser chip, as employed in this work, the epitaxial layers of and the optical
waveguide in the saturable absorber and the gain section, respectively, are identical. Therefore,
the areas of the active region as well as the confinement factors in both sections are identical.
Thus, it follows that Aa = Ag = Aaz/Γ. Consequently, the requirement of Ea

s < Eg
s reduces

to ∂g/∂Ng < ∂a/∂Na. Further, the optical gain/absorption of QW-based diode lasers can be
approximated by a logarithmic model [117], see Fig. 2.4. At the transparency carrier density
Ntr the optical field remains unchanged. The (electrically unpumped or reverse biased) absorber
section features a carrier density below the transparency carrier density Ntr. In contrast, the
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(carrier injected) gain section has a carrier density in excess of the transparency carrier density
Ntr. Thus, an appropriately sectioned diode laser chip satisfies the requirement stated in Eq. 2.2.

Figure 2.4.: Schematic of a logarithmic model of QW-based diode laser chips for optical gain g and
absorption α. The differential gain and differential absorption are exemplary highlighted by blue and
red lines, respectively.

The interaction of the optical pulse with the saturable absorption and the gain in the respec-
tive sections of the diode laser chip is sketched in Fig. 2.5(a). For better visualization of the
interaction, the states of the maximum saturation of saturable absorption and gain are plotted
at the same point in time.

(a) Loss modulation (b) Electrical interface

Figure 2.5.: Passive mode-locking of a diode laser: Schematic for (a) a modulation of loss in the
laser resonator and (b) an exemplary electrical interface of an edge-emitting diode laser. The net-gain
window results from the accumulated action of saturable absorption and optical gain that the pulse
experiences in the respective sections of the laser during its round trip in the laser resonator.

First, the interaction of the optical pulse with the saturable absorber is discussed. An optical
pulse generated by spontaneously mode-locked modes starts to saturate the saturable absorber.
The generated photocarriers cause a reduction of absorption (loss). Due to the non-linear nature
of the saturable absorption, the pulse’s peak experiences less absorption than its rising and
falling edge. The rising edge of the optical pulse sharpens. If the recovery time of the saturable
absorption is shorter than the pulse width, the falling edge of the pulse can be shaped by the
saturable absorption, too. Due to the saturable absorption, the center of gravity of the pulse
shifts towards the pulse’s falling edge. Further, in the time interval between the pulses, the
saturable absorber ensures suppression of spontaneous emission.

Second, the interaction of the optical pulse with saturable optical gain is described. The
gain depletes due to the increasing optical power on the rising edge of the pulse. Thus, the

31



2. Mode-locking of semiconductor lasers

rising edge and the center of the pulse experience optical gain. Due to gain depletion and non-
instantaneous gain recovery the falling edge of the pulse experiences less gain than the rising edge.
The interaction of the optical pulse with the saturable gain, thus, leads to a sharp steepening of
the rising edge of the optical pulse. As a consequence, the center of gravity of the pulse shifts
towards the pulse’s rising edge.

The combined action of saturable absorption and gain leads to the creation of a so-called
net-gain window [122], see Fig. 2.5. Due to this net-gain window, an optical pulse is formed,
shortened, and can travel in the laser resonator. The shape of the pulses is a result of the
combined action of saturable absorption and gain. Typically, the pulse shape of a passively
mode-locked diode laser features a squared hyperbolic secant (sech2) form [122], as sketched in
Fig. 2.5. As the facets of the diode laser provide optical feedback, the, thus, generated optical
pulse is partially emitted from the diode laser chip. The remaining optical power of the pulse is
then used to recreate the pulse during its round trip in the laser resonator.

The gain bandwidth, absorption recovery time, and self-phase modulation (SPM) limit the
pulse shortening and create a balanced steady state operation [65]. Hence, passive mode-locking
of a diode laser is a self-starting and self-balancing process. Typically, the timing noise of the
pulse train emitted by passively mode-locked lasers exceeds the timing noise of actively mode-
locked lasers due to the absence of an external reference signal [125]. Passive mode-locking
allows for fundamental as well as harmonic mode-locking depending on the recovery time of the
saturable absorption.

Saturable absorption can be enhanced by, e.g., aging [126], proton bombardment [108], ion
implantation [126], and application of a reverse voltage [127] to that specific section. The latter
method allows for fine-tuning of the absorber characteristics during operation by adjusting the
reverse bias [128, 129]. This method is therefore selected for this thesis’ work. A schematic of
the electrical interface for the edge-emitting diode laser featuring a reverse bias applied to the
saturable absorber is shown in Fig. 2.5(b).

In this work, passive mode-locking is employed for self-starting, large spectral bandwidth OFC
generation.

2.3.3. Hybrid mode-locking

Hybrid mode-locking is a combination of both, active and passive mode-locking [130]. Here,
either the absorber or the gain section are modulated with an RF signal at a frequency that
corresponds to the pulse repetition rate [131, 132]. Thus, hybrid mode-locked lasers utilize the
self-starting and self-balancing passive-mode-locking mechanisms. If the driving RF signal is
close enough to the „native“ repetition rate of the passively mode-locked laser, then the pulse
repetition rate of the laser locks to the signal provided by the RF signal generator, minimizing
temporal fluctuations of the pulse repetition rate. A schematic of an electrical interface is depic-
ted in Fig. 2.6. Here, an implementation is shown where the RF signal is injected into the
absorber section.
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Figure 2.6.: Schematic of an electrical interface for hybrid mode-locking.

2.4. Optical absorption and gain in passively mode-locked diode
lasers

A detailed analysis of optical gain and absorption in passively mode-locked diode lasers can be
found in, e.g., Refs. [117, 133–135]. The subsequent description follows those given in these
references.

The population inversion required for stimulated photon emission and light amplification
(optical gain) is realized by forward biasing the laser diode chip (or a section of it) for injection
of current IDCI . Under forward bias, the quasi-Fermi-levels in the intrinsic layer (in the QW
active region) are located inside the conduction and valence band, see Fig. 2.7(a), [117]. The
band structure eases carrier transport into the QWs in the active region. Optical gain is then
allowed for Eg ≤ ~ω < ∆EF where Eg is the band gap energy, ω the optical angular frequency of
the photon, and ∆EF the difference in quasi-Fermi levels of the conduction (EF C) and valence
(EF V ) band [117, 136]. Thus, only photons with optical angular frequencies ω meeting this
requirement can experience optical gain [137]. Due to the spread of the energy levels into energy
bands, however, optical gain for photons in a frequency band is provided [136, 138, 139].

(a) forward bias (b) reverse bias

Figure 2.7.: Schematic of the energy-band diagram of a DQW double heterostructure resulting
from (a) a forward bias for optical gain and (b) a reverse voltage for saturable absorption. ECB , EVB

- conduction (C) and valence (V) band; EF C , EF V - quasi Fermi levels; Eg1, Eg2 - band gap energies
of heterostructure; Eg - band gap energy of QWs [117, 135].

The temporal change of the carrier concentration N in the active region is described by the
rate equation. At a fixed spatial point in the diode laser chip the rate equation is given by

dN(t)
dt

= Jaz(t) − N

τg
− vgg(N)S(t). (2.3)
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Here, a similar carrier concentration for electrons (N) and holes (P) is assumed.
The first term on the right-hand side of Eq. 2.3 describes the current injection into the active

region with
Jaz(t) = ηi · IDCI

qVaz
. (2.4)

Here, q is the unit charge and Vaz = AazLaz the volume of the active region with the cross
section Aaz and the length Laz of the active region. IDCI describes the injection current which
is then transferred into the active region with efficiency ηi.

The middle term on the right-hand side of Eq. 2.3 considers the carrier recombination which
depends on the carrier lifetime τg. Using N/τg = R(N) = ArN + BrN2 + CrN3, this term
describes non-radiative (Ar), spontaneous (Br), and Auger (Cr) recombination processes.

The last term on the right-hand side of Eq. 2.3 denotes the carrier loss due to stimulated
emission. Here, reduction of the carrier concentration due to stimulated emission is taken into
account via the optical gain g(N) and the density S(t) of the photons already present in the laser
resonator stimulating the emission of further photons. The photons are transported through the
active region at the the group velocity vg.

The optical gain determines the basic emission properties of the diode laser. The relation
between optical gain and carrier density described above can be linearly approximated close to
the threshold by

g(N) = g′ · (N − Ntr) (2.5)

where Ntr (N > Ntr) is the carrier density at transparency and g′ = ∂g/∂N is the differential
gain close to the threshold. The optical gain at transparency is zero (g(Ntr) = 0). The change
of optical gain with time can be expressed as

dg(N)
dt

= g′ dN

dt
= g′Jaz − g(N) + g′Ntr

τg
− g′vgg(N)S(t), (2.6)

using g′N = g(N) + g′Ntr.
Depending on the optical pulse length tp the gain can be classified as slow (τg ≫ tp) and fast

(tp ≫ τg). This distinction describes whether the gain can saturate instantaneously but recovers
slowly or fully instantaneously reacts to the incident optical pulse.

In the analysis of the slow gain, the second term on the right-hand side in Eq. 2.6 can hence
be neglected. Neglecting carrier injection as well, the slow optical gain can be expressed as

gslow(tp) ≈ g0 exp
[︃
−g′vg

∫︂ tp

0
S(t′) dt′

]︃
(2.7)

where g(tp = 0) = g0. Assuming no optical power aside from that concentrated in the optical
pulse and observing the relationship between the photon density and optical power P (t), the
integral in the exponent of Eq. 2.7 can be written as

∫︂ tp

0
S(t′) dt′ =

∫︂ tp

0
P (t′) dt′

vg~ωAg
= Ep

vg~ωAg
(2.8)
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where Ep is the pulse energy and Ag the overlap area of the active region with the optical mode
(see Eq. 2.2). With the saturation energy Eg

s of the optical gain (Eq. 2.2), the slow optical gain
is given by

gslow(tp) = g0 exp [−Ep/Eg
s ] . (2.9)

Thus, while the slow optical gain is time-independent (gslow(tp) = gslow), it depends on the pulse
energy.

In contrast, the fast optical gain allows for an instantaneous recovery of the optical gain and,
thus, instantaneous reaction of the optical gain to incident photons. Here, dg/dt = 0 applies.
Using Eq. 2.6 and, again, neglecting carrier injection, the fast optical gain is expressed by

gfast(tp) = g(N = 0)
1 + P (tp)

P g
s

(2.10)

where the saturation optical power is P g
s = Eg

s /τg. A more detailed derivation can be found in
App. A.2.

The approximations describing the optical gain (and absorption) need to be modified when
including other effects. High optical powers, e.g., induce nonlinearities, e.g. intra-band processes
which reduce the material gain (and absorption) [122, 135, 140, 141]. Employing a phenomeno-
logical nonlinear coefficient ϵg for the gain includes these effects and modifies the linear models:
g = glin N/(1 + ϵgS). For QW edge-emitting lasers at steady state, an empirically validated
logarithmic model describes the optical gain the best: g(N) ∝ g′ ln(N/Ntr) [117].

For edge-emitting diode laser chips featuring a QW active region, not just the local dielectric
function ϵQW of the QW, but modal quantities, specifically the modal gain gm, have to be
considered to account for the mediation of the QW operation by the guided transverse optical
mode [142]. The dielectric function can be determined from a microscopic model which is based
on the band structure and oscillator strengths. These can be obtained from an eight-band
k·p model taking into account all possible transitions. Phenomenological corrections for gain
broadening (hyperbolic secant shape) and band-gap renormalization include many-body effects
into the model [142]. The modal gain for the transverse magnetic (TM)-polarized optical mode,
which is preferred by the epitaxial layer design [114], can then be calculated from the imaginary
part of the dielectric function ℑ(ϵ) using the confinement factor Γ and the effective index neff

for a given vertical waveguide [142]

gm = 2 · ℑ(β) ≈ Γℑ(ϵ)
neff

2π

λ
(2.11)

where β is the propagation constant and λ the wavelength.
In the following, the effect of the reverse voltage applied to the saturable absorber is considered.

For the saturable absorber under reverse voltage, the energy-band structure is strongly modified
compared to the forward biased state. The band-edges incline which reduces the band-gap
energy [129, 143, 144], see Fig. 2.7(b). With that, the reverse voltage causes on the one hand, a
red-shift due to the effectively reduced band gap energy. On the other hand, saturation leads to
a blue-shift due to filled carrier states in the energy bands close to the band gap. This saturation
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effect is strongest for the lowest photon energies where absorption occurs [145, 146], and occurs
highly pronounced in asymmetric quantum wells [147].

The reverse voltage provides the means for carrier sweep-out from the active region for fast
absorption recovery, as sketched in Fig. 2.7(b). Effects occur in the absorption and sweep-out
process that prolong or shorten the absorption recovery time. Effects enhancing absorption
recovery by reducing the absorber recovery time are as follows [129, 143, 145, 146]. The reverse
voltage field enhances sweep-out of photoexcited carriers from the active region by tunneling,
thermionic emission, and inter-valley scattering. Also, band-gap renormalization causes shrink-
age of the band-gap increasing absorption. Thus, it effectively reduces the carrier lifetime.
Effects weakening absorption recovery are, e.g., the barrier thickness, and the effective barrier
height that can hinder carrier sweep-out [143]. Despite or because of these partially counteracting
processes, carrier lifetimes of a few picoseconds and lower can be achieved [145, 146].

The rate equation for saturable absorption at a fixed spatial point in the diode laser chip
can be derived from that given in Eq. 2.3 for the optical gain. Without current injection and
with generation of photoexcited carriers, the rate equation at a fixed spatial point in a saturable
absorber can be described by

dN

dt
= −N

τa
+ vgα(N)S(t) (2.12)

with the carrier lifetime in the absorber τa and the carrier density dependent absorption α(N).
Similar to the optical gain, the saturable absorption can be classified into slow and fast

absorption. Here, too, a linear approximation of the relation between absorption and carrier
density can be assumed as α(N) = α′(Ntr −N) where α′ = ∂α/∂N is the differential absorption
close to the threshold. The time dependent slow and fast saturable absorption are derived
analogously to the slow and fast optical gain, Eq. 2.9 and 2.10,

αslow(tp) = α0 exp [−Ep/Ea
s ] and (2.13)

αfast(tp) = α0
1 + P (tp)/P a

s

, (2.14)

respectively. Similar to the optical gain, effects induced by, e.g., high optical powers can be
implemented via a phenomenological nonlinear coefficient ϵa [122, 135, 140, 141]. Thus, the
linear approximation for the saturable absorption is modified to α = αlin N/(1 + ϵaS). Further,
similar to the optical gain, an empirically validated logarithmic model α(N) ∝ α′ ln(N/Ntr)
describes the saturable absorption of QW edge-emitting lasers operating in steady state the
best [117].

2.5. Resonator concepts for passively mode-locked diode lasers

Resonator configurations, such as, e.g., ring, folded, and linear cavities provide interesting ap-
proaches to realize compact mode-locked diode lasers. However, the micro-integration platform
that is intended to be employed within this thesis work requires a restriction to linear cavities
[76, 77]. In the following, an overview of the basic linear resonator concepts will be given.
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Monolithic (cavity) diode laser

A mode-locked diode laser featuring a monolithic laser cavity offers the utmost compactness and
robustness. The laser comprises only a diode laser chip, see Fig. 2.8. Collimation optics are used
to collect the light emitted through the facets. The diode laser chip is sectioned by electrically

Figure 2.8.: Schematic of a mode-locked diode laser in a monolithic cavity. HR: high reflection
coating, LR: low reflection coating.

isolating a section of the laser diode chip to provide a short saturable absorber and, typically,
one long gain section. To allow for stable fundamental mode-locking with a pulse repetition rate
corresponding to the round trip time in the optical resonator, the saturable absorber is located
at a facet with a low-reflection (LR) coating which typically acts as laser output [24], as shown
in Fig. 2.8. The other, high-reflection (HR) coated (rear) facet of the diode laser chip then
acts as back reflector. This configuration is called anti-colliding pulse mode-locking (ACPM)
and has shown to enhance the mode-locking stability compared to the case where the saturable
absorber is placed at the HR coated (rear) facet of the diode laser chip (self-colliding pulse
mode-locking (SCPM) configuration) [148]. For ACPM, the part of the pulse, that is reflected
at the LR coated (front) facet of the diode laser chip and that moves back through the optical
resonator, features a reduced optical power compared to the part of the pulse moving towards the
LR coated (front) facet. In contrast, for SCPM, the pulses incident at and reflected by the HR
coated (rear) facet (and moving in opposite direction) are essentially identical in optical power.
The cause for the difference in the mode-locking stability in ACPM and SCPM configuration is
the decreased gain saturation, but increased absorber saturation [148] in the ACPM compared
to the SCPM. Therefore, an ACPM configuration is employed in this work.

To provide a pulse repetition rate of 6.8 GHz or subharmonics thereof as intended within this
work, see Tab. 1.1, diode laser chips providing an optical resonator featuring a physical length
of about 6 mm or multiples thereof are required. However, the amount of active semiconductor
material of such a diode laser typically leads to high levels of phase noise from spontaneous
emission and injection current noise [121, 149, 150]. As such, a monolithic diode laser is not
chosen to realize an OFC. Therefore, an alternative configuration of the optical resonator
employing shorter diode laser chips is required for the purpose of this thesis.

Extended-cavity diode laser

An alternative to using a long monolithic diode laser is provided by integrating a short laser
diode chip into an extended cavity, see Fig. 2.9. To that end, the rear facet of the laser diode
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chip located at the gain section is anti-reflection (AR) coated. The rear mirror then is realized
by an external mirror in an appropriate distance to allow for the required pulse repetition rate.
Thus, the laser resonator is formed between the LR coated (front) facet of the laser diode chip

Figure 2.9.: Schematic of an ML-ECDL in an ACPM configuration. AR: anti-reflection coating,
LR: low reflection coating.

and the external mirror. This minimizes the amount of active semiconductor material in the
laser resonator and, thus, minimizes phase noise. Thus, this so-called ECDL-type resonator
concept is used in this work. In the following, a passively mode-locked ECDL-type laser is
called ML-ECDL.

The implementation of an ML-ECDL poses several challenges. The quality of the anti-
reflection coating of the rear facet of the laser diode chip is vital for providing stable mode-
locking and avoiding parasitic feedback [24]. When using a plane external mirror, as shown in
the schematic, intra-cavity beam shaping, i.e. collimation or focusing onto the external mirror,
is required. Further, precise alignment and high mechanical stability of the laser resonator are
essential. All these challenges have been overcome within this thesis work, as will be discussed.

2.6. Optical components of an ML-ECDL

An ML-ECDL with a minimum amount of components can be realized by using a curved mirror
to back-reflect the divergent optical mode into the diode laser chip. However, the size of the
corresponding mirror would be rather large, as can be seen from the following estimation em-
ploying Eq. 1.7. For fundamental mode-locking at 6.8 GHz or harmonics thereof, as intended in
this thesis, an optical laser resonator length Lres of at least 22 mm is required. Assuming a 1 mm
long diode laser chip featuring a group refractive index of about 3.7, the out-of-chip portion of
the laser resonator measures about 18 mm. In combination with a beam divergence angle of
about 20 deg (FWHM), a usable external mirror surface with a diameter of more than 10.7 mm1

would be required. This not only limits the achievable compactness of the ML-ECDL. Also,
the implementation of the ML-ECDL in the presented micro-integration technology platform
(Sec. 1.2.3) would not be possible, as the emitter point of the diode laser chip is about 1 mm
above the surface of the module’s optical bench. A way around that is to employ appropriate

1This number corresponds to the 1/e2 beam diameter of a Gaussian beam at the given distance from the beam
waist. A mirror with this size is required in order to ensure reflection of a reasonable amount of power.
Achieving a reasonable beam quality would require an even larger mirror to avoid, e.g., beam clipping at the
mirror.
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beam shaping optics, i.e. lenses, to reduce the beam diameter to, e.g., less than a millimeter in
the appropriate distance and to employ a plane external mirror.

This section briefly expands on the passive optical components of an ML-ECDL, the reflection
coating of the diode laser chip, the beam shaping optics and the external mirror. Details of the
implementation in this work are also discussed.

2.6.1. Coating of the diode laser chip’s facets

The facets of a diode laser chip as cleaved out of a wafer require further processing before
implementation into an ECDL. Oxygen contamination of the facets leads to an increased thermal
load due to light absorption and non-radiative recombinations close to the facet [151, 152].
Potential consequences are a reduced lifetime and failure of the device due to COMD. To
that end, both facets, typically, are first cleaned after cleaving in air and then passivated. For
aluminum (Al)-free active regions, a single, 40 nm thick layer of ZnSe is employed to inhibit
oxidation and, thus, passivate the facets [152].

Afterwards, a coating is applied to achieve the required reflectivity. Typical coating materials
are Al2O3, TiO2, or ZnSe [151, 152].

The rear facet needs to be anti-reflection coated to avoid parasitic back reflections within the
intended resonator and to avoid build-up of parasitic, coupled cavities (between the facets of
the diode laser chip and between the rear-facet of the diode laser chip and the external mirror).
Such an AR coating can be realized by a λ/4 thick single layer coating. Alternatively, a stack of
multiple layers with appropriate thickness can employed to achieve, e.g., a broadband coating.

The front facet reflectivity is adjusted to optimize the optical output power and the optical
power within the laser resonator, reducing frequency and amplitude noise arising from, e.g.,
increased amounts of amplified spontaneous emission (ASE) [153]. To that end, an LR coating
providing between 1 % and 20 % reflectivity is implemented. The methods employed for such an
LR coating are comparable to the ones of an AR coating. In case a high reflectivity is required,
a coating consisting of pairs of λ/4 thick layers with high and low refractive index is applied.

In this work, typical LR coatings of 5 % and 10 % are realized by means of single Al2O3 layers
of appropriate thickness. For HR (30 %) and AR coatings, stacks of Al2O3 and TiO2 layers
of appropriate thickness are used. The respective layer thickness corresponds to a few tens of
nanometers.

2.6.2. Beam shaping optics

The principal design of the diode laser chip provides a fundamental transverse spatial mode.
Beam shaping optics are required either for collimation or focusing of the emitted optical mode
onto the external mirror. The divergence angle of the beam emitted from the diode laser chip
is defined by the optical confinement in the diode laser chip. Typically, vertical and lateral
confinement vary in such a way that different divergence angles are realized for both directions
requiring individual shaping. That can be achieved by employing cylindrical lenses which provide
one-dimensional beam shaping. Special care has to be taken with respect to the focal lengths
to ensure re-injection. Careful design of the optical confinement in the diode laser chip allows
for (near) identical divergence angles in the vertical and lateral direction. Thus, employment of
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a single round lens for intra-cavity and output beam shaping, respectively, is possible, which is
advantageous for reduction of laser module complexity. The focal lengths of these single lenses
can be selected to tailor the intra-cavity and output beam diameter. In addition, the use of
aspheric lenses eliminates spherical aberrations.

In this work, single aspheric micro-lenses are employed to shape the beam emitted by the
diode laser chip inside and outside the laser resonator.

2.6.3. External mirror
As described above, a plane external mirror in combination with appropriate beam shaping optics
allows for a compact resonator design. An external mirror, specifically designed with respect
to its group velocity dispersion, can assist the pulse shaping within the optical resonator of the
laser. Compressing the pulses could increase their peak power to introduce stronger SPM in the
gain medium which induces spectral broadening [154]. Lengthening the pulses could increase
the maximum average output power [155–158]. However, a specific design of the external mirror
demands detailed knowledge of the pulse substructure (chirp).

The main focus of this thesis is to develop a compact and robust ECDL providing the required
spectral bandwidth. Optimization of the intra-cavity dispersion by means of an appropriate
external mirror is a promising option for future developments. Thus, a commercially available
mirror, that, by itself, does not or only minimally influence the pulse shape is employed.
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3.1. Introduction to measurement and analysis feedback loop
The development of a passively ML-ECDL emitting an OFC in the spectral range around 780 nm
requires a suitable test bed to analyze the mode-locking performance. Fig. 3.1 illustrates the
very basics of such a test bed. On the one hand, a laser test mount is required wherein all
components of the ECDL are individually exchangeable to find the best combination of diode
laser chip and optical components. On the other hand, the laser emission needs to be distributed
to various analysis instruments to characterize the mode-locking performance.

Figure 3.1.: Schematic of feedback loop for development of passively mode-locked ECDL consisting
of a laser test mount and a measurement setup.

Thus, an experimental setup was realized for the implementation of the ML-ECDL and the
investigation of the mode-locking behavior to facilitate advancement of the development of the
ML-ECDL.

This chapter first provides an overview of the requirements on the experimental setup and
experimental techniques. Then, a detailed description of the realized experimental setup is
given. Finally, the experimental techniques employed will be presented.

3.2. Requirements on the experimental setup and techniques
The requirements on the experimental setup and techniques are determined by the design, and
by the expected (required) mode-locking performance of the OFCG that is developed within
this work.

Requirements on the experimental setup

The requirements on the experimental setup are as follows.
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• The setup, in particular the test mount for the laser, is required to provide high mecha-
nical stability due to the intended ECDL-type configuration of the laser. This requirement
includes mechanical isolation of the laser test mount from the optical table to avoid me-
chanical shocks.

• The laser test mount has to allow for each component of the ML-ECDL to be individually
exchangeable for optimizing the mode-locking performance.

• The ML-ECDL’s resonator length is required to be adjustable to allow for manipulation
and precise setting of the pulse repetition rate during laser operation. Taking into account
the required value for the pulse repetition rate of 6.8 GHz (or its subharmonics), see
Tab. 1.1, results in a requirement on the length of the laser test mount which needs to be
at least about 40 mm.

• Thermal control of the diode laser is required as the mode-locking performance of the
ML-ECDL strongly depends on the temperature of the diode laser chip, and thermal
expansion of the setup would modify, e.g., the pulse repetition rate.

• The setup needs to provide the means for separate biasing of the two sections of the diode
laser chip, the saturable absorber and the gain section.

• The experimental, electro-optical setup into which the laser test mount is integrated is re-
quired to provide the means for verification of the spectral requirements stated in Tab. 1.1.

Requirements on the experimental techniques

The experimental techniques that are employed in this work are required to allow for the in-
vestigation of the mode-locking performance of the ML-ECDL for the development of a diode
laser-based OFC matching the spectral requirements stated in Tab. 1.1. In the following, the
mode-locking characteristics which are to be analyzed are listed together with the associated
measurements:

• the wavelength region and spectral bandwidth of the OFC by means of the optical spec-
trum,

• the pulse repetition rate and the SNR by means of the RF spectrum,

• the RF stability of the mode-locked pulse train by means of the RF frequency noise PSD
and the RF linewidth, and

• the optical power of the comb lines of particular interest (i.e. those closest to the Rb and
K D2 transitions) utilizing the (average) optical power.

While not essential for the intended future implementation of the OFC developed in this work
(Sec. 1.2.2), but for the sake of getting a more complete analysis of the mode-locking performance
of the ML-ECDL, the pulse width and shape as well as the pulse peak power will be investigated.

In the following, the realized experimental setup and employed experimental techniques ful-
filling the requirements stated above are introduced.
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3.3. Experimental setup
The experimental setup used to analyze the mode-locking performance of the ML-ECDLs can
be divided into two parts, the laser test mount and the measurement setup (Fig. 3.1). Both
parts will be described in the following.

3.3.1. Laser test mount

Prior to micro-integration into a laser module body, each component of the ML-ECDL (diode
laser chip, collimation optics, external mirror) has to be selected carefully and tested to ensure
compliance with the OFC requirements and the limits set by the MIOB (see Sec. 1.2.3). Ob-
serving the requirements presented in the previous section, a suitable laser test mount has been
developed. The design, computer-aided design (CAD) models by C. Pyrlik (FBH), is based on
one designed by and employed at FBH for single-section, CW-ECDLs.

A photo of the fully assembled laser test mount is shown in Fig. 3.2. It consists of a tempera-
ture controlled base plate with a heatsink and mounts for the laser components. The base plate
is a 1 cm thick, nickel (Ni) plated phosphorous bronze (CuSn8) breadboard with a footprint
of 15 × 28 cm2 providing high mechanical stability. It features M6 threaded bore holes for the
mirror mount adapter. Grooves are implemented to countersink a temperature sensor (Analog
Devices AD590KF). Fitting pins allow for precision mounting of the diode laser chip mount and
the lens mount. Temperature control is realized via eight TECs (Dr. Neumann TAL) that are
evenly placed to minimize the temperature gradient across the base plate. A 3 cm thick Ni
plated copper (Cu) block with similar footprint as the base plate is employed as heatsink. An
additional water-cooled heatsink made of the same material as the main one is attached to the
heatsink to ensure sufficient heat dissipation. To isolate the setup from mechanical vibrations of
the optical table, the whole laser test mount is placed on damping pads (Sunnex 10710-SP-710).

The diode laser chip mount and the lens mount are made from a single block of solid phos-
phorous bronze (CuSn8) by means of electric discharge machining (EDM) to allow for precise
alignment of the lenses relative to the diode laser chip. Fitting pins assure independent repro-
ducibility of the placement of both, the chip and the lens mount, onto the base plate.

The gold (Au) plated diode laser chip mount, see Fig. 3.2 (bottom right), is designed to hold
a diode laser chip mounted onto a c-mount by means of a flexure bearing. Per design the target
height of the diode laser chip is determined by the optical axis of the micro-lenses to about
22 mm. The diode laser chip is precisely mounted to that height as follows. First, the diode
laser chip on c-mount is “blindly” mounted and roughly collimated on the resonator side. Then,
the beam height is determined at two distances from the diode laser chip, 4 cm and 20 cm,
and the momentary chip height calculated. Lastly, the diode laser chip mount is removed from
the setup, the height of the diode laser chip on the mount is adjusted, and the diode laser chip
mount is repositioned into the setup. For the height adjustment, an auxiliary setup with an
actuator (Newport BM17.51) featuring a resolution of 10 µm is employed.

The Ni plated lens mount requires lenses that are rotational symmetric, e.g. round lenses,
see Fig. 3.2(right). To coarsely align the lenses, the lenses are mounted in threaded adapters
with a resolution of 1.25 mm per turn. After alignment, the threaded lens adapters are fixed in
position by means of nylon-tipped set screws. Fine adjustment of the lens alignment is realized
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Figure 3.2.: Photo (top) of the fully assembled laser test mount consisting of a diode laser chip
(DLC) mounted on the DLC mount, aspheric micro-lenses mounted in the lens mount, external
mirror in adapter mount, base plate, heatsink, and a water-cooled heatsink. The dotted pink line
highlights the optical axis of the ML-ECDL. The DLC and lens mount assembly is highlighted by
the orange box and for better visibility shown assembled and separated in the bottom photos. The
main (front) output of the ML-ECDL is on the left-hand side.
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by means of flexure bearings that are implemented into the lens mount with a geometrical gear
of 3:1. An estimated resolution of better than 10 µm is achieved by means of precision set screws
featuring a pitch of 0.25 mm per turn and the flexure bearings of the lens mount.

For the mounting of the external mirror, a combination of commercially available and specifi-
cally designed parts is used, see Fig. 3.2(top). The external mirror is mounted into a precision,
highly stable commercial mirror mount (Radiant Dyes MNI-2-3030 with 0.15 mm fine thread
rise actuators). This mirror mount in turn is attached to a precision linear translation stage
(Newport M-UMR5.25). This linear translation stage is mounted on a base adapter for coarse
manual alignment of the mirror to the optical axis of the diode laser chip/lens ensemble. The
base adapter is clamped on three points to the base breadboard for maximum stability. The
fine adjustment of the resonator length is then realized by means of a micro-meter actuator
(Newport BM11.25, 20 µm fine thread resolution) attached to the linear translation stage which
allows for a setting resolution of the pulse repetition rate better than 1.5 MHz.

The diode laser chip itself is center-symmetrically mounted p-side up onto a 400 µm high Au
plated unstructured AlN submount. This assembly is then center-symmetrically soldered onto
a c-mount, see Fig. 3.2(bottom right). The c-mount is 2.3 mm wide (along the optical axis)
to avoid beam clipping. For the investigation of the electro-optical performance, the c-mount is
clamped into the diode laser chip mount as described above.

As the n-side of the laser diode chip features a single galvanic contact, a common n-contact
for the saturable absorber and the gain section is implemented. It is in electrical contact with
the whole setup. The p-side of the laser diode chips features two sections, as described in
Sec. 2.3.2. Individual p-contacts for the saturable absorber and the gain section are realized via
wire bonding to gold strips (Fig. 3.2(bottom right)) that are integrated into the c-mount.

The electrical interface for the gain section and the absorber section of the diode laser chip,
respectively, is realized by means of two printed circuit boards (PCBs). These PCBs are mounted
on the diode laser chip mount and on the lens mount, see Fig. 3.2 (bottom right, lens and DLC
mount). Both PCBs feature galvanically realized contact layers on the bottom and the top and
also carry a SubMiniature version A (SMA) socket. The inner contact of the SMA sockets are
electrically connected to the top layers of the PCBs while the outer contacts are electrically
connected to the bottom layers. Thus, the n-contact and p-contact of the diode laser chip are
electrically interfaced with the inner and outer conductor of the SMA socket.

3.3.2. Measurement setup

The laser test mount described above is embedded into an opto-mechanical setup (measurement
setup), see in Fig. 3.3. This setup distributes the laser emission to the appropriate measurement
instruments to analyze the mode-locking performance of the ML-ECDL (red box in Fig. 3.3).
It is presented in detail in this section.

The main (front) output of the ML-ECDL (red box in Fig. 3.3) is oriented towards the
left-hand side. The ML-ECDL, the beam guiding part of setup part 2, and the entire setup
part 3 are mounted on a honeycomb breadboard (Newport M-SG-23-2) for mechanical isolation
from the optical table. To that end, the breadboard is also placed on damping pads (Sunnex
10710-SP-710). Iris apertures (IA) in appropriate positions of the measurement setup allow for
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Figure 3.3.: Functional schematic of measurement setup. The red box denoted ML-ECDL repre-
sents the laser on its test mount. The golden boxes highlight the parts of the setup used for different
analysis purposes. BFF-C: back-side far field camera, BS: beam sampler, BSp: beam splitter, EXA:
electrical spectrum analyzer, FF-C: far field camera, FM: mirror on flip-mount, FSP: fiber split-
ter (10:90), fPD: fast photodetector, IACF: intensity autocorrelator, λ/2: half-wave plate, NF-C:
near field camera, NDF: neutral density filter, OI: optical Faraday isolator, OSA: optical spectrum
analyzer, P: periscope, PD1,2,3: photodetector 1,2,3, RA: reflective attenuator, SMF: single-mode
optical fiber.

reproducible beam alignment. All mirrors employed in this measurement setup are silver (Ag)-
coated metal mirrors (Layertec 1" or 1/2" fused silica substrate with coating no. 113976).

The measurement setup can be divided into three parts, indicated by the golden boxes in
Fig. 3.3. In the following the three parts of the measurement setup are described.

In setup part 1 (right-hand side of Fig. 3.3), the collimated (front) output of the ML-ECDL
is distributed to be analyzed in the optical frequency domain (optical spectrum analysis), in the
RF domain (RF spectrum analysis), in the time domain (frequency noise analysis), and for its
optical power. For that purpose, the laser light is first guided through an optical isolator (OI,
Qioptic DLI-1) to avoid optical feedback into the diode laser chip. Behind the optical isolator,
about 10 % of the optical power is split off by means of a beam sampler for measurement
of the average optical power using a calibrated photodetector (PD1) and an oscilloscope (Agi-
lent DSO6014A). The remaining light is split using a combination of a half-wave plate (HWP,
Döhrer Elektrooptik GmbH WPA2410-650-1100) and a polarization-dependent beam splitter
(BSp, Newport 20RQ00UB.2) for appropriate power division and coupled into two single-mode
optical fibers (SMF). The fiber-coupled laser light in each SMF is further split using a 90:10
optical fiber splitter (FSP, FOC custom specifications) to allow for simultaneous recording of
the mode-locking performance by the analysis instruments (90 %-path) and monitoring of the
average optical power (10 %-path) by means of calibrated photodetectors (PD2 and PD3) and
an oscilloscope (Agilent DSO6014A, same instrument as mentioned above). The signal analy-
sis in the optical frequency domain is carried out by an optical spectrum analyzer (Yokogawa
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AQ6373, minimum 3 dB-resolution bandwidth 20 pm). For signal analysis in the RF frequency
domain, the optical pulse train is converted into an electrical signal using a fast photodetector
(fPD, Newport 1004, bandwidth DC - 40 GHz), amplified by 30 dB by means of a broadband
RF amplifier (AMP, Centellax TA0L50VA, bandwidth 100 kHz - 50 GHz), and fed to an elec-
trical spectrum analyzer (EXA, Rohde & Schwarz FSV-30, bandwidth 10 Hz - 30 GHz). The
analysis of the frequency noise characteristics of the pulse repetition rate of the ML-ECDL is
conducted via a time domain-based in-phase and quadrature (IQ) measurement tool provided
by the electrical spectrum analyzer.

The setup part 2 allows for examination of the near-field (NF) and the far-field (FF) beam
intensity profiles as well as the (back-side) far-field (BFF) beam profile of the front and rear
output of the laser, respectively. For the front output beam profiles, about 10 % of the laser
light directed to setup section 1 is split off, attenuated appropriately (RA), split again with a
beam sampler, and directed onto IR cameras (IDS UI-1545LE-M). For the near-field analysis,
the laser light is focused onto the camera using an spherical lens (L1, Thorlabs LA1978-B, focal
length 750.0 mm). The rear output of the laser is appropriately attenuated and also directed
onto a similar IR camera. All cameras are employed to collimate the laser output and to monitor
the beam profiles during laser operation.

In setup part 3, the temporal behavior of the laser pulses is analyzed by means of an intensity
autocorrelator. As the mechanical setup of the autocorrelator requires a beam height of about
15 cm, a periscope (P) is employed. This periscope also allows to omit a half-wave plate by
rotating the polarization of the laser light by 90° to p-polarization which is required by the
autocorrelator (based on Newport M-LSA-MT-KT).

3.4. Experimental techniques
The experimental investigation of mode-locked laser can be divided into techniques determining
the laser’s characteristics in the optical frequency, the RF frequency, and the time domain,
techniques combining the RF and time domains, and techniques to investigate the laser’s optical
power. In the following, the experimental techniques are described.

3.4.1. Optical frequency domain

Analysis of the mode-locked pulse train includes the analysis of the optical spectrum of the
laser emission with regard to its center wavelength λc, its spectral bandwidth ∆λx at x dBc
as well as the spectral shape of its spectrum, see schematic in Fig. 3.4. For this purpose an
optical spectrum analyzer (OSA, Yokogawa AQ6373, bandwidth 350 nm - 1200 nm, minimum
3 dB-resolution of 20 pm (≈ 10 GHz at 780 nm), see Fig. 3.3 setup part 1) is employed.

Using the relationship between the spectral bandwidth at 3 dBc of the OFC in units of
wavelength (∆λ3) and in units of frequency (∆ν3)

∆ν3 = c0 · ∆λ3
λ2

c

, (3.1)

the modulation of the optical spectrum (λc = 773.5 nm) resulting from the mode-locking of the
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Figure 3.4.: Schematic of the envelope of a mode-locked optical spectrum with the center wavelength
λc, the spectral bandwidth ∆λ3 and ∆λ20 at 3 dBc and 20 dBc, respectively.

diode laser at a pulse repetition rate of 6.8 GHz (frep = ∆ν3) amounts to ∆λ3 ≈ 14 pm. This
cannot be resolved with the optical spectrum analyzer (OSA). In contrast, modulation arising
from parasitic coupled cavities resulting from imperfect AR coating of the resonator-side facet
of the diode laser chip, e.g. Lchip = 2 mm (∆ν3 ≈ 20 GHz (Eq. 1.7) and thus ∆λ3 ≈ 40 pm),
can be detected.

3.4.2. RF frequency domain

One way to gain information on the “low frequency” modulation of the optical spectrum, that
cannot be detected by means of an OSA, is to analyze the mode-locked pulse train in the RF
frequency domain by means of an electrical spectrum analyzer (see Fig. 3.3 setup part 1). The
subsequent description follows Ref. [159].

The RF spectrum of a mode-locked pulse train

The temporal intensity profile of a mode-locked pulse train can be described by the sum of a
noise-less, perfectly mode-locked part I0(t) and a smaller noisy part δI(t)

I(t) = I0(t) + δI(t). (3.2)

The PSD of this signal, conventionally referred to as the RF spectrum, can then be calculated
as

SI(ω) = 1
2π

+∞∫︂
−∞

GI(t) · eiωt dt, (3.3)

where GI(t) = ⟨I(t + τ)I(t)⟩ is the intensity autocorrelation function. Assuming amplitude A(t)
and timing Jt(t) fluctuations that vary slowly compared to the temporal intensity profile Ip(t)
of each pulse, the intensity of the pulse train can be expressed as

I(t) = I0(t) + I0(t)A(t) + İ0(t)TrepJt(t), (3.4)
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where İ0(t) is the time derivative of the noise-less laser intensity. With these random fluctuations
the intensity autocorrelation function of I(t) factorizes and the RF spectrum of the noisy mode-
locked pulse train can be written as

SI(ω) = 2πfrep ·
⃓⃓⃓
Ĩp(ω)

⃓⃓⃓2
·
∑︂
nH

{︂
δ(ωnH ) + SA(ωnH ) + (2πnH)2SJ(ωnH )

}︂
, (3.5)

with the harmonic number −∞ < nH < +∞, ωnH = ω − 2πnHfrep, and the Fourier transform
Ĩp(ω) of the intensity profile Ip(t). SA(ωnH ) and SJ(ωnH ) are the PSDs arising from amplitude
and timing noise of the pulse train. Thus, the RF spectrum corresponding to a noisy mode-
locked pulse train is composed of noise-less δ-shaped RF peaks at frequencies corresponding to
the pulse repetition rate and its harmonics nH , and noise sidebands around those δ-shaped peaks
that correspond to amplitude noise SA(ωnH ) and phase noise (timing jitter) (2πnH)2SJ(ωnH ),
see schematic in Fig. 3.5.

Figure 3.5.: Schematic of an RF spectrum (solid blue line) generated by a mode-locked pulse train
comprising δ-functions at nHfrep, and sidebands at nHfrep resulting from amplitude (AN) and phase
(PN) noise. The peak RF power of the amplitude (dotted green line, PAN) and phase (dashed red
line, PPN) noise sidebands are highlighted.

Mode-locking is typically identified in the RF spectrum by the ratio of the RF power of the
coherent RF signal (nH = 1) corresponding to the mode-locked pulse train and the RF power
in the noise sidebands (within a given integration bandwidth). In this work, a power ratio of
at least 30 dB in an RF spectrum recorded with an resolution bandwidth (RBW) of 3 MHz1 is
employed to identify mode-locking.

Another important parameter for characterizing the mode-locking performance can be ex-
tracted from the RF spectrum. Phase (timing) noise results in a Lorentzian-shaped pedestal of
the δ-shaped peak of the mode-locked RF signal [160]. The FWHM of the phase noise pedestal

1Here, the RBW effectively acts as the integration bandwidth used for the determination of the RF power in
the noise sidebands.
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centered at the Fourier frequency corresponding to the pulse repetition rate (nH = 1), is the
so-called RF linewidth which is an additional measure of the mode-locking stability. However,
frequency drifts during a single spectrum measurement due to, e.g., temperature fluctuations of
the laser, limit the measurement accuracy of the center frequency and the RF linewidth. The
reason for that lies with the swept RF spectrum measurement method that is employed by the
electrical spectrum analyzer (Rohde & Schwarz FSV-30, 10 kHz - 30 GHz) to record the RF
spectrum in a broad frequency span. This measurement method can distort the actual signal
and deliver false results for the RF spectrum. This problem is described in more detail and an
alternative method for the determination of the phase noise, the amplitude noise, and the RF
linewidth is therefore introduced in Sec. 3.4.3.

Nevertheless, it can be seen that the ratio of the coherent RF signal corresponding to the
mode-locked pulse train and the RF power in the noise sidebands at the fundamental RF signal
(pulse repetition rate) as well as at the harmonics of the pulse repetition rate is an important
measure of the stability of the pulse train.

The RMS integrated timing jitter

A typical characteristic derived from the phase noise of the RF signal of a mode-locked laser
is the root-mean-square (RMS) integrated timing jitter of the pulses [159, 161, 162]. It is a
measure of timing stability of the pulse train. The RMS integrated timing jitter is calculated as

jt = 1
2πnHfrep

⌜⃓⃓⃓
⎷⃓2 ·

fmax∫︂
fmin

L(f) df , (3.6)

where L(f) is defined by the IEEE Standards Coordination Committee 27 on Time and Fre-
quency as one half of the one-sided [power] spectral density of [the] phase [(timing)] fluctuations
[161]. For small mean squared phase deviations, i.e.∫︂ ∞

fmin

L(f) < 0.1 rad2, (3.7)

this definition is equivalent to the ratio of the RF power in a phase noise sideband of an RF carrier
signal relative to the total RF power of that signal (here at a carrier frequency corresponding to
the pulse repetition rate or its harmonics) [161]. Hence, L(f) is given in units of dBc/Hz. This
means that the RF spectrum (see Eq. 3.5) in the vicinity of a carrier can be utilized to derive
the corresponding phase noise power spectral density (PN-PSD) of this carrier. Identification
of the corresponding term in the RF spectrum given in Eq. 3.5 results in

L(f) = n2
H · SJ(f + nHfrep)

2 . (3.8)

The harmonic number nH is implemented in Eq. 3.6 to allow for the determination of the RMS
integrated timing jitter at higher harmonics of the fundamental RF signal corresponding to, e.g.,
the pulse repetition rate.
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However, the determination of the PN-PSD from the RF spectrum is limited by the capability
of the experimental setup to discern and separate phase noise and amplitude noise components
of the RF spectrum. Further, the timing (frequency) jitter and frequency drift of the RF
carrier signal can smear the corresponding RF spectrum and falsify the determination of the
resulting RMS integrated timing jitter. Hence, a specific measurement tool is required that
allows for tracking of the carrier’s amplitude and frequency. One such tool is the phase noise
measurement tool (Rohde & Schwarz K40) of the employed electrical spectrum analyzer (Rohde
& Schwarz FSV-30). However, the speed of the tracking electronics allows for valid detection of
the PN-PSD only far from the carrier signal. A way to circumvent that limitation and to allow
for valid measurements close to the carrier will be presented in the next section.

3.4.3. Time domain-based investigation of RF characteristics

As described above, frequency drifts can distort the RF spectrum recorded with a swept elec-
trical spectrum analyzer. This in turn limits the accuracy with which the RF linewidth can be
determined from that RF spectrum. Determination of the PN-PSD is limited due to amplitude
noise (see Fig. 3.5) in combination with the insufficient capability of a swept electrical spectrum
analyzer to separate phase noise from amplitude noise. A time domain technique based on IQ
demodulation of the RF signal allows to reduce frequency drift related smearing of the RF spec-
trum as well as to separate amplitude and phase noise [163]. This technique will be introduced
in this section. The description follows Refs. [79] and [163].

Keeping in mind the spectral structure of the pulse train, the RF signal V (t) recorded with
the fast photodetector of setup part 1 in Fig. 3.3 can in general be written as

V (t) =
∑︂
nH

{︂
VnH (t) · cos

(︂
2πnH f̄rept + ϕnH (t)

)︂}︂
, (3.9)

with the harmonic number nH , the corresponding voltage amplitudes VnH (t) and time dependent
phases ϕnH (t) as well as the averaged pulse repetition rate f̄rep determined over the measurement
period. To determine and record the time dependent IQ components, an IQ measurement tool of
an electrical spectrum analyzer is employed. This tool converts the RF input signal band to an
intermediate frequency (IF) band. Then the converted signal is digitized, and the in-phase (I)
and quadrature (Q) components are digitally generated with a demodulation bandwidth (DBW)
given by the spectrum analyzer. For the lasers developed within this work, the pulse repetition
rate is significantly larger than the filter bandwidths used in the aforementioned processing
steps. This allows for selection and subsequent analysis of the RF signal at a specific harmonic
number by appropriate frequency setting of the RF analyzer. The resulting I and Q quadrature
signals are given as

I(t) ∝ VnH (t) · cos (∆ω̃t + ϕnH (t)) and (3.10)
Q(t) ∝ VnH (t) · sin (∆ω̃t + ϕnH (t)) , (3.11)

where ∆ω̃ is the difference between the average angular frequency of the selected baseband signal,
i.e. 2πnH f̄rep, and the center frequency set for the measurement at the spectrum analyzer. A
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common phase offset for both quadrature components has been neglected w.l.o.g.. Thus, the
electrical spectrum analyzer allows to measure a time record.

Post processing of the IQ components provides, within the DBW, access to the instantaneous
amplitude and to the instantaneous phase. Further, the RF spectrum of the input RF signal
within a frequency span of ± DBW around the center frequency set for the measurement at
the spectrum analyzer can be derived. The post processing of the IQ data is visualized in the
schematic depicted in Fig. 3.6.
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Figure 3.6.: Schematic of IQ data acquisition and analysis.

The instantaneous signal phase is given by

arctan (Q/I) = ∆ω̃t + ϕ(t). (3.12)

After removal of the linear component ∆ω̃t of the phase evolution the instantaneous phase noise
ϕ(t) can be determined. The frequency dependent one-sided PN-PSD Sϕ(fk) [161] is estimated
via (fast) Fourier transformation using the inverse sampling rate ∆t and the measurement time
Tm = np · ∆t:

Sϕ(fk) = Tm

n2
p

·

⃓⃓⃓⃓
⃓⃓np−1∑︂

n=0
ϕ(n∆t) · e2πifkn∆t

⃓⃓⃓⃓
⃓⃓
2

, (3.13)

where np is the number of measurement points. This measurement and determination process
allows for the investigation of the PSD of the phase noise close to the carrier frequency, e.g. frep,
even for Fourier frequencies at which a determination by means of the RF spectrum (see Sec.
3.4.2) would violate the requirement given in Eq. 3.7. Furthermore, this technique to determine
the PN-PSD enables separation of effects resulting from timing and amplitude fluctuations.
Hence, in order to quantify timing fluctuations by means of the RMS integrated timing jitter jt,
Eq. 3.6 and L(f) ≡ 1

2 · Sϕ(f) are employed.
In the following, three methods will be introduced that allow for determination of the FWHM

RF linewidth of the pulse repetition rate frep from recorded IQ data.
The power spectral density of the frequency fluctuations of the pulse repetition rate (FN-PSD)

is related to the phase noise PN-PSD through Sν(f) = f2 · Sϕ(f) with ν = 1/2π · dφ/dt [159].
Please note that the quantity Sν(f) will be referred to as FN-PSD of the pulse repetion rate
in the following. It is known that the FN-PSD of random phase noise is white and the typical
lineshape of the corresponding RF spectrum is an RF signal with a Lorentzian spectrum [164].
A schematic of a typical measurement of an FN-PSD corresponding to a Lorentzian RF signal
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is depicted in Fig. 3.7(a).
The RF linewidth ∆frep of the fundamental frequency component (around frep) of an RF

spectrum generated by a mode-locked laser can be investigated as follows. First, the FN-PSD
Sν(f) is determined. Then, the FWHM RF linewidth ∆fL

rep can be estimated from the white
noise floor Sf0 of S∆frep(f) using [164]

∆fL
rep = π · Sf0. (3.14)

However, the detection of Sf0 is limited by the instrument’s detection noise floor, as indicated
in Fig. 3.7(a).

Another approach to determine the RF linewidth is to employ the IQ quadrature components
to reconstruct the RF power spectrum using

PF (f) = SRF
IQ (f) = |F(I(t))(f) + i · F(Q(t))(f)|2 , (3.15)

where F(I(t))(f) and F(Q(t))(f) are the Fourier transformed quadrature components that are
shifted by the difference between the original RF frequency f̃ and the frequency the electrical
spectrum analyzer was set to. Due to the splitting of the recorded IQ data into interleaving
intervals [163], the recorded center (peak) frequency of each interval can be determined and used
for shifting each spectrum accordingly prior to averaging. A Lorentzian fit of the averaged RF
spectrum then reveals the resulting FWHM RF linewidth ∆fL

rep. This procedure also allows for
the determination of the drift of the center frequency during the measurement time. A schematic
of a reconstructed RF spectrum is shown in Fig. 3.7(b).
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Figure 3.7.: Schematic of (a) an FN-PSD and (b) a reconstructed RF spectrum.

DiDomenico et al. [164] have shown another way to estimate the RF linewidth by further
analyzing the FN-PSD. They have shown that the FN-PSD can be divided into two sections:
a low-offset frequency region which directly contributes to the RF linewidth and a large-offset
frequency region above a certain cut-off frequency which contributes only to the wings of the
RF line. The cut-off frequency fcut that separates the two regimes is determined by the point
(frequency) of intersection of the so-called β-separation line

Lβ = 8 ln 2
π2 · f (3.16)
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and the FN-PSD, see Fig. 3.7(a). The FWHM RF linewidth is then estimated by

∆fL
rep ≈ ∆fβ

rep =

⌜⃓⃓⃓
⎷8 ln 2 ·

fcut∑︂
∆f

(Sf (f) · ∆f). (3.17)

This method can be employed when the FN-PSD does not feature noise peaks. If, however, the
FN-PSD features noise peaks such as at the power line hum frequency, then the aforementioned
IQ data based methods for the determination of the RF linewidth2 are better suited so as to
not overestimate the FWHM RF linewidth.

3.4.4. Time domain

In this section, the intensity autocorrelation measurement technique will be introduced. This
technique is well-established to determine the shape and width of mode-locked pulses in the
picosecond range and below. In the following, the employed intensity autocorrelator (based
on Newport M-LSA-MT-KT) is described. It is integrated into the measurement setup of the
ML-ECDL as measurement setup part 3, see Fig. 3.3.

An intensity autocorrelator is based on a Michelson interferometer, see Fig. 3.8. The incoming
pulse is split into two copies of equal intensity using an ultrashort pulse beam splitter plate
(Newport 20RQ00UB.2).

Figure 3.8.: Schematic of an experimental setup for measurement of the intensity autocorrelation
function. Iris apertures and beam dumps are inserted into the setup to avoid increased background
scattered light to be detected. BBO: beta-bariumborate crystal (nonlinear crystal), DM: dichroic
mirror, LTS: mirror on a linear translation stage, OSZI: oscilloscope, PMT: photomultiplier tube.

The reflected pulse copy is sent into the interferometer arm with variable arm length to impose
an adjustable relative delay τ . The actuator (Newport Corp. CMA-25CCCL) employed for this
allows for minimum steps of 0.2 µm (corresponding to a step in τ of about 1 fs) with a bi-
directional repeatability of better than 15 µm. With a maximum travel of 25 mm, a maximum
delay of about 170 ps is possible [165].

2This means, on the one hand, determination from the white noise floor of the FN-PSD (Eq. 3.14), and, on the
other hand, from a Lorentzian fit of the reconstructed RF spectrum (Eq. 3.15).
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The transmitted copy is vertically (horizontally in the sketch in Fig. 3.8 for better visualiza-
tion) translated and back-reflected to realize a non-collinear background-free autocorrelator.

Both copies are then directed to a concave mirror (CM) with an effective focal length (EFL)
of 25 cm to be recombined in a nonlinear crystal (beta barium borate (BBO)) for sum frequency
generation (SFG). The intensity of the generated light (autocorrelation function (ACF)) IAF is
given by the convolution of the identical intensity profiles of the pulse copies [166]. Convention-
ally, the intensity autocorrelation function is normalized to its maximum intensity and, thus,
given as [166]:

IAF (τ) =

∞∫︁
−∞

I (t) · I (t − τ) dt

∞∫︁
−∞

(I (t))2 dt
. (3.18)

Essentially, the incoming pulse scans a copy of itself to give information about its temporal
shape and width. However, the intensity autocorrelation is not unambiguous for any given pulse
shape due to its symmetrical nature. Hence, a possible pulse shape is estimated via fit of the
autocorrelation of a plausible temporal pulse form function to IAF . This way, a correlation
between the recorded and the assumed autocorrelation functions is determined that allows for
inference of the pulse shape and width. Hence, the pulse width tp (FWHM) can be estimated
from the width of the intensity autocorrelation function τp using

tp = kp · τp , (3.19)

where kp is a constant depending on the pulse shape [167]. In Tab. 3.1 the constant kp is listed
for typical pulse shapes.

Table 3.1.: Constant k for typical pulse shape.

function of pulse shape kp

Gaussian 1/
√

2
squared hyperbolic secant (sech2) ≈ 0.6481

Lorentzian 0.5

In the experiment described in this work, the typical average optical power of the mode-locked
pulses is below 100 mW, whereas typical peak optical powers are more than 1 W3. With a beam
diameter of about 1 mm, average intensities of the mode-locked pulses at the entrance of the
autocorrelator as low as a few tens of mW/mm2 result in a SFG signal with an average optical
power of only a few picowatt. The intensity of the SFG signal is further limited by the effective
interaction length of both pulse copies inside the nonlinear crystal (about 200 µm) and the walk-
off angle between the fundamental signal and the SFG signal (around 9 mrad). To still get useful
information about the pulses’ shape and width, a photomultiplier tube (PMT) is employed for
detection of the SFG signal.

3The broadest optical spectra are recorded for pulses featuring an average optical power of about 26 mW and a
peak optical power of around 1.3 W.
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The use of a PMT puts further requirements on the experimental apparatus due to its de-
tection sensitivity and the amount of background noise from scattered light. To filter residual
fundamental light that is transmitted through the nonlinear crystal both, two iris apertures and
two dichroic mirrors, are employed, see Fig. 3.8. The first dichroic mirror after the nonlinear
crystal is inserted at an angle to direct the fundamental light into a beam dump. To reduce
background light even further, a ten centimeter long lens tube is attached to the PMT. The
second dichroic mirror is mounted in the lens tube. After that second dichroic mirror, an almost
closed iris aperture is inserted into the lens tube to enhance backlight reduction by further spa-
tial filtering the SFG signal. For further isolation of the experimental apparatus, the complete
autocorrelator setup is housed with only a narrow entrance aperture.

3.4.5. Optical power

An important parameter of mode-locked pulses is their optical power. In this work, the average
optical power Pavg is directly measured using a calibrated photodetector in conjunction with
an oscilloscope, see Sec. 3.3.2. By means of reflective neutral density filter, the incident optical
power is adjusted to the power acceptance range of the photodetector.

However, the optical power Pi of the comb lines of interest (at 20 dBc) and the optical
peak power Pp typically cannot be measured directly. As discussed before (Sec. 1.2.4), Pi

can be determined using the average optical power, the pulse repetition rate, and the shape
of the optical spectrum. The optical peak power of the pulses, which have a duration of a
few picoseconds, cannot be measured directly due to the relatively slow response time of the
photodetectors. It can, instead, be inferred from the average optical power, the pulse repetition
rate, and the pulse width and shape as will be discussed in the following.

The average (optical) power of a pulse interval of duration Trep is given as

Pavg = 1
Trep

Trep∫︂
0

P (t) dt = frep · Ep, (3.20)

where P (t) is the optical power of the pulse train, and Ep is the optical energy contained in one
pulse interval. Taking into account the temporal pulse shape, the optical power of a single pulse
can be written as

Ppulse(t) = p(t) · Ep
∞∫︁

−∞
p(t) dt

, (3.21)

where p(t) is the function describing the temporal pulse shape that follows

lim
|t|→∞

p(t) = 0. (3.22)
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The corresponding peak optical power is calculated using

Pp = pmax · Ep
∞∫︁

−∞
p(t) dt

= ps · Ep

tp
= ps · Pavg

tpfrep
(3.23)

where pmax = max(p(t)) and
ps = pmax · tp

∞∫︁
−∞

p(t) dt
(3.24)

is a form factor depending on the shape of the pulses. For typical pulse shapes the pulse-shape
dependent form factors ps are collected in Tab. 3.2.

Table 3.2.: Pulse shape dependent form factor ps for typical pulse shapes. The first two significant
digits are shown.

pulse shape ps

Gaussian 0.94
sech2 0.88

Lorentzian 0.66

Unless stated otherwise, the average optical power is measured using a calibrated photode-
tector and an oscilloscope (Agilent DSO6014A). For calibration a powermeter (Newport Corp.
console 1918-C or 1918-R, photodetector 918D-SL-OD3) is used.

3.4.6. Measurement procedure and control
For the investigation of the mode-locking performance, a measurement procedure was developed.
To efficiently analyze the mode-locking performance, which depends on the laser parameters
and the bias parameters of the employed diode laser chip, an automated measurement control
software was developed. Both, the measurement procedure and the measurement control, will
be described in the following.

Measurement procedure

The measurement procedure includes on the one hand the configuration of the diode laser
for large spectral bandwidth (at 20 dBc) mode-locked operation and on the other hand the
measurement process itself.

The configuration of the diode laser was conducted as follows.
The diode laser chip is mounted into the laser test mount, see Fig. 3.2. The temperature

Tmount of the laser test mount is set to 20.0 ◦C. Both the saturable absorber and the gain
section are first connected in parallel to allow for investigation of the ASE and CW operation
characteristics of the diode laser chip and the ECDL, respectively. The output emission of the
diode laser chip is then collimated and aligned to the measurement setup. To investigate the
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ASE performance, the intra-cavity lens is removed and the divergent emission of the diode laser
chip blocked to avoid unwanted optical feedback. Then, prior to recording the ASE performance,
a burn-in of the diode laser chip with a duration of about 3 h at an injection current of 100 mA
is conducted. For investigation of the ASE regime, the voltage drop across the diode laser chip,
the (average) optical power, and the optical spectrum are recorded and analyzed for a constant
mount temperature Tmount and varying injection currents. An upper injection current limit of
250 mA4 is set to avoid damage to the diode laser chip.

After analysis of the ASE operation regime, the ECDL is assembled. To that end, the intra-
cavity output of the diode laser chip is collimated. The resonator length is set to a value that
roughly corresponds to the intended pulse repetition rate. Then, the ECDL is aligned using the
external mirror to minimum CW threshold current. Here, too, both sections of the diode laser
chip are operated in parallel. The ECDL then undergoes another burn-in lasting about 3 h at
100 mA. Afterwards, the CW performance is recorded in terms of the same characteristics as
the ASE performance of the diode laser chip described above.

Starting from the configuration for CW operation, the ECDL is prepared for mode-locked
operation. To that end, the electrical interface for both sections is separated to allow for the
operation of the saturable absorber section in reverse bias configuration. Thus, the values of
the operating parameters (mount temperature Tmount, the saturable absorber reverse voltage
USAB, and the gain section injection current IDCI), and the feedback angle of the external
mirror are used as actuators to align the ECDL for mode-locked operation. To maximize the
spectral bandwidth, the following process is carried out iteratively while the optical and the RF
spectrum are monitored. For each step, the respective other actuators are kept constant.

1. The saturable absorber reverse voltage and the gain section injection current are adjusted.

2. The mount temperature is adjusted.

3. The saturable absorber reverse voltage and the gain section injection current are adjusted.

4. The feedback angle is optimized.

These steps are repeated until no further broadening of the optical spectrum can be detected.
Afterwards, the resonator length is precisely adjusted to the value corresponding to the intended
pulse repetition rate while monitoring the RF spectrum and the optical spectrum. If changes in
the optical spectrum are observed, the above mentioned adjustment steps 1 to 4 are repeated.

Following this optimization process, the ML-ECDL undergoes a 24 h burn-in. Afterwards,
the optimization process is repeated as the burn-in typically slightly modifies the optimal values
of the operating parameters.

Now, the mode-locked performance is analyzed by means of the techniques described in Sec.
3.4. In order to prioritize the associated measurements, the intended use of the mode-locked
ECDL needs to be taken into account.

Implementation of the ML-ECDL in future QUANTUS experiments (Sec. 1.2.2) requires, on
the one hand, stabilization of the pulse repetition rate and, on the other hand, stabilization of the

4This current limit is convention for the diode laser chips employed in the CW-ECDLs discussed before, see
Sec. 1.2.3, and reasonable for implementation in the ML-ECDLs.

58



3.5. Performance analysis

OFC to an atomic (Rb) reference. Thus, an actuator is required to establish the feedback loop
of the stabilization process. As the ECDL is to be realized with no moving parts (Sec. 1.2.3),
the feedback angle cannot be employed as actuator. The mount temperature can be used
to suppress slow frequency drifts. The saturable absorber reverse voltage and the gain section
injection current offer fast actuators to compensate for fast frequency jitter and frequency drifts,
see, e.g., Sec. 2.3.3.

In this work, stabilization of the pulse repetition rate will be investigated in detail. To that
end, the pulse repetition rate will be stabilized by means of the gain section injection current
as actuator. Consequently, the tuning characteristics of the mode-locked performance of the
ML-ECDL with the gain section injection current are analyzed in detail.

Measurement control

For the investigation of the electro-optical characteristics of the ML-ECDL a LabVIEW program
was developed, that remotely controls

• the gain section injection current IDCI via a laser controller driver (ILX LDC-3724C),
• the mount temperature Tmount via a temperature control unit of the laser controller (ILX

LDC-3724C), and
• the measurement and analysis instruments employed (setup part 1 in Fig. 3.3).

The saturable absorber reverse voltage USAB is manually set with a single channel voltage source
(Agilent E3611A). Therefore, while a sweep of the saturable absorber bias is possible with the
EO-program, the program prompts for each voltage step to be manually set by the operator.
Thus, all three bias parameters of the diode laser chip can be swept with the EO-program.
For each step of a sweep, an appropriate time for achieving thermal equilibrium, approximately
1.5 min, is implemented to allow the setup to settle.

A second LabVIEW program (based on the program delivered with Newport M-LSA-MT-KT)
remotely controls the intensity autocorrelator as well as an oscilloscope (Agilent DSO6014A) and
records the autocorrelation function (setup part 3 in Fig. 3.3). This program allows for sweeps
of the gain section injection current for mapping of the pulse width and shape. The values of
the other operating parameters of the diode laser are kept constant during the sweep.

The RF noise characteristics are manually recorded using the electrical spectrum analyzer
employed (setup part 1 in Fig. 3.3) to investigate the RF spectrum. For a first analysis step of
the IQ data, a LabVIEW program for determination of the noise PSD and the frequency drift
characteristics is employed [79].

For the evaluation of the mode-locking performance, an OriginC program (for software Origin-
Lab Origin) was developed that automatizes the analysis process for each measurement described
above.

3.5. Performance analysis
The analysis of the mode-locking performance of the diode lasers developed in this thesis includes
the analysis of various performance characteristics:
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• The optical power of the comb lines closest to the relative power level of 20 dBc can be
determined from the optical spectrum, from the pulse repetition rate, and from the average
optical power, see Sec. 3.4.1.

• The mode-locking order (fundamental or higher harmonic), and the modulation depth
(SNR) of the RF spectrum at the pulse repetition rate and its harmonics can be determined
from the RF spectrum, see Sec. 3.4.2.

• The RF noise characteristics, such as the frequency noise PSD and the RMS integrated
timing jitter, can be determined from the IQ data, see Sec. 3.4.3.

• The peak optical power of the pulses can be determined from the average optical power,
from the pulse shape and width, and from the RF characteristics (the pulse repetition
rate), see Sec. 3.4.5.

• The frequency chirp of the mode-locked pulses can be inferred from the so-called time-
bandwidth-product (TBP) ∆ν · tp [122]. The minimum TBP for bandwidth-limited pulses
equals the Fourier-limit, see Tab. 3.3. The stronger the pulses are chirped, the larger the
TBP becomes, showing that the optical frequencies contained within the pulse are spread
out in time.

Table 3.3.: Fourier-limited TBP for typical pulse shapes. The first three significant digits are shown.

pulse shape Fourier-limited TBP
Gaussian 0.441

sech2 0.315
Lorentzian 0.142

3.6. Summary
In this chapter the experimental setup consisting of the laser test mount and the beam distri-
bution and analysis setup was presented. The laser test mount was specifically developed with
respect to realizing a mechanically highly stable test bed for a multi-section ML-ECDL. Further,
the beam distribution and analysis setup was designed and realized to analyze the mode-locking
performance of the diode laser developed in this work.

The experimental techniques employed allow for detailed analysis and evaluation of the optical
and RF frequency domain, the time domain, and optical power characteristics of the ML-ECDLs.
This not only allows for the verification of the requirements on the OFCG to be developed within
thesis (see Sec. 1.2.4), but also enables the corresponding development process.

The investigation of the influence of values of the laser operating parameters of the ML-ECDL
developed within this work on the mode-locking performance of that ML-ECDL will be presented
in the subsequent chapter.
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The results presented in this chapter were already partially published in Refs. [100, 168–170].

4.1. Introduction to the evaluation
The main purpose of this thesis is to develop an OFC based on a passively mode-locked ECDL
which fulfills the requirements stated in Sec. 1.2.4. In order to realize a diode laser-based OFCG
comprising as few components as possible, the focus of this work lies on generating such an OFC
with a large spectral bandwidth essentially based on the characteristics of the diode laser chip
itself. Hence, any spectral shaping outside the diode laser chip shall be avoided. To that end,
the evaluation of possible ML-ECDL components and parameters was conducted as follows.

The micro-lenses and the external mirror are evaluated and selected with focus on a minimum
influence on the mode-locking performance. The diode laser chips are evaluated by means of
their performance within an ML-ECDL according to the following criteria:

1. Primarily, the diode laser chips are evaluated by the achievable spectral bandwidth at
20 dBc. As such the mode-locking performance of the diode laser chips is investigated
with the main focus on that characteristic.

2. For the metrology application, the pulse repetition rate and its RF stability are of high
importance. Therefore, the second evaluation criterion for the diode laser chips’ suitability
is the RF stability.

3. The average output power of the ML-ECDL determines whether the laser provides suffi-
cient optical power at the 20 dBc level.

4. The pulse shape and width determined by means of the autocorrelation function are used
to verify single pulse fundamental mode-locked operation.

5. The pulse peak power is calculated by means of the characteristics determined before for
comparison purpose.

In the following, the influence of the ML-ECDL components and design parameters on the
mode-locked operation characteristics will be presented. Subsequently, the influence of the
ML-ECDL’s operating parameters will be discussed. In the end, the findings on component
design and selection as well as on the choice of the values of the operating parameters are
summarized and conclusions are drawn.
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4.2. Influence of the laser design parameters on the mode-locking
performance

To develop the ML-ECDL, the following steps were performed.
First, an optical design for the ML-ECDL was developed.
Second, the requirements on the external mirror are identified and compared to what is

commercially available.
Third, the influence of the resonator length on the mode-locking characteristics is studied to

find the configuration that allows for mode-locked operation with a large spectral bandwidth.
Fourth, the characteristics of the diode laser chip are investigated. This includes investigations

of the influence of the design of the quantum wells, of the length of the diode laser chip and its
sections, and of the facet coatings. For comparison of the characteristics, each ML-ECDL was
operated with those values of operating parameters that allow for the largest spectral bandwidth.

In the end, the laser parameters found to be best suited to provide an OFC with a large
spectral bandwidth are summarized.

Please note that not all comparison experiments were performed with diode laser chips from
that wafer of which the epitaxial structure was identified to provide the largest spectral band-
width. This is due to the fact that general tendencies of mode-locking characteristics had to be
investigated prior to the identification of this epitaxial structure. However, wherever possible
the investigations were performed with diode laser chips taken from a single wafer.

4.2.1. Optical design

In the lateral direction, the optical mode inside all diode laser chips used within this work is
defined by a 4 µm wide ridge waveguide. In the vertical direction, the same 4.8 µm AlGaAs-
based ASLOC-concept (Fig. 2.2) with the p- and n-side waveguide doped with carbon and
silicon, respectively, is implemented for all diode laser chips used within this work. This design
results in a sufficiently round beam profile emitted by the diode laser with a vertical and a
horizontal divergence angle of about 19° and 12° (full width at 1/e2 intensity), respectively
[171]. Thus, collimation or focusing can be achieved with a single aspheric lens reducing the
laser complexity. In this work, single aspheric micro-lenses with an effective focal length of
2.0 mm (Thorlabs 350150) are employed inside the extended cavity and at the laser output to
achieve a collimated beam.

An optical simulation tool (FBH WinABCD) using an ABCD matrix formalism allows for
visualization of the intra- and extra-cavity beam profile, see Fig. 4.1. Here, a schematic of an
ML-ECDL featuring the above described diode laser chip and a 37 mm long extended cavity is
shown. The collimated (1/e2, intensity) beam diameter w0 corresponds to about 660 µm in the
vertical direction and 420 µm in the horizontal direction. The corresponding Rayleigh range zR

measures about 440 mm and 180 mm, respectively.
As will be discussed later (Chap. 5), the implemented micro-lenses are also employed for

micro-integration of the ML-ECDL into the micro-integration technology platform.
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aspheric micro-lens external mirror 

 2 mm  
vertical  

horizontal 

 37 mm  

w0 = 418 µm 
 zR  = 178 mm 

w0 = 661 µm 
 zR  = 444 mm 

Figure 4.1.: Schematic of the optical design of the ML-ECDL with a 2 mm long diode laser chip
and a resonator length of about 44 mm. w0 - beam diameter (1/e2, intensity), zR - Rayleigh range.

4.2.2. External mirror

The spectral and size requirements on the external mirror were discussed in Sec. 1.2.4. Here,
the consequences of these requirements for the choice of the mirror are described and the chosen
mirror is presented.

Mirrors with the same coating properties but with different sizes are required for the laser test
mount and for the micro-integration technology platform. One approach to handle this issue
is the use of custom-substrates and custom-coatings. However, the associated costs (several
thousand euros) render this approach unfavorable. Hence, a spectrally suitable commercial (off-
the-shelf) mirror shall be selected that can be readily used in the laser test setup, and that can
also be grinded to the dimensions required by the micro-integration technology platform. While
metallic coatings can provide excellent surface and spectral characteristics, those mirrors are
not easily mechanically machined as the coating might peel off of the substrate. Therefore, a
mirror with a dielectric coating is preferable.

A commercial plane dielectric mirror (Layertec 101085) featuring near-zero group velocity
dispersion fulfilling the above-mentioned requirements has been chosen for use in this work, see
Tab. 4.1. The mirror coating is realized for employment in a wavelength range from 750-850 nm.
The GVD slightly decreases with increasing wavelength across the spectral range of interest but
is kept well within ±20 fs2 around zero-GVD. A reflectivity of 97 % allows for investigation of
the beam profile within the extended cavity while still providing high optical feedback into the
diode laser chip. A rear facet reflectivity of less than 0.2 % and a slight wedge of 5′ allow for
avoiding parasitic feedback into the diode laser chip. The mirror substrate measures about 1/2"
in diameter and is about 6.35 mm thick. It features a high surface quality (flatness of λ/10,
scratch-dig 10-5).

Mirrors of the same type will be used throughout this thesis to allow for comparability for
comparison reason. For later micro-integration, mirrors of the same type were grinded to the
required size.
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Table 4.1.: Surface and coating characteristics of external mirror (Layertec 101085).

quantity value
surface and dimensional parameters

surface

shape
flatness
quality (scratch-dig)
area diameter

plane
λ/10
10-5
12.7 mm

substrate thickness 6.35 mm
wedge 5′

coating parameters
wavelength range 750 - 850 nm

front facet reflectivity
GVD

rear facet reflectivity

97 %
< 20 fs2

< 0.2 % (AR)
angle of incidence 0 °

4.2.3. Laser resonator length

In this work, an ML-ECDL featuring a pulse repetition rate of 6.8 GHz or its nH -th subharmonic
is developed that is intended to be implemented in future QUANTUS experiments (Secs. 1.2.2
and 1.2.4). This pulse repetition rate corresponds to a resonator length Lres of about N · 22 mm.
It is known that the resonator length strongly influences the RF stability of an ML-ECDL
[160]. Therefore, the influence of the laser resonator length on the mode-locking performance
is investigated in this section. To that end, the external mirror position is linearly translated,
partially via the linear translation stage and partially by manually moving the whole translation
stage with the help of position markers along the adapter mount of the translation stage, see
Fig. 3.2. The resonator length was adjusted in mode-locked operation with those values of the
operating parameters that allow for the largest spectral bandwidth. No major re-alignment of
the mirror was necessary. Please note that for the investigation presented here, an sDQW(780)
diode laser chip (see subsequent section) was employed.

Three resonator lengths Lres were investigated: 25 mm, 100 mm, and 150 mm. These Lres

correspond to pulse repetition rates frep of 6.0 GHz, 1.5 GHz, and 1.0 GHz, respectively. While
the average optical power and the pulse width remain nearly constant at about 25 mW and
5 ps, respectively, a strong influence of the resonator length on the optical spectrum and on the
FN-PSD at the pulse repetition rate can be detected. For those values of operating parameters
(mount temperature Tmount, saturable absorber reverse voltage USAB, gain section injection
current IDCI) that allow for the largest spectral bandwidth, see Tab. 4.2, the optical spectra and
corresponding FN-PSDs are depicted in Fig. 4.2. For better comparison of the spectra derived
for different resonator lengths, the spectra are normalized to their respective peak power Pλp and
shifted in wavelength by the wavelength λ0 at which 20 dBc is reached at the long-wavelength
wing (red wing), see Tab. 4.2.
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Table 4.2.: Operating parameters and normalization parameter for data shown in Fig. 4.2. Lres -
resonator length, frep - pulse repetition rate, Tmount - mount temperature, USAB - saturable absorber
reverse voltage, IDCI - gain section injection current, λ0 - wavelength at 20 dBc at long-wavelength
wing of optical spectrum, Pλp - peak power of optical spectrum.

parameter Lres frep Tmount USAB IDCI λ0 Pλp

unit mm GHz ◦C V mA nm dBm
25 6.0 20.0 −2.7 200.0 787.76 −32.19

100 1.5 20.0 −5.0 160.0 787.94 −22.52
150 1.0 20.0 −5.0 180.0 790.15 −26.22

In the optical spectrum, the effects of increasing the length of the optical resonator are mani-
fold. It can be seen that increasing the resonator length leads to a strong broadening of the
optical spectrum, from about 4.2 nm to 7.5 nm at 20 dBc. In conjunction, the longer wavelength
wing of the spectrum steepens and the shorter wavelength part of the spectrum develops a
sharply rising wing with a slowly rising shoulder. Additionally, the peak wavelength shifts to
longer wavelengths, relatively and absolutely, see Fig. 4.2(a) and Tab. 4.2. As the average optical
power and the pulse width remain nearly constant, the reason for this behavior can be found
with the increasing pulse peak power (energy), see Sec. 3.4.5. Increasing optical peak power
results in an increasingly strong SPM effect [154]. Hereby, the occurring gain saturation leads to
non-linearities of the refractive index which shift the optical spectrum to longer wavelengths and
increase the spectral bandwidth. Moreover, strong gain saturation also results in an increasing
up-chirp of the pulse where the leading part of the pulse (in time) sharpens and subsequent parts
of the pulse experience less gain at the wavelength of the leading part. SPM, hence, causes a
wavelength shift of the later part of the pulse resulting in an increasing gain for that part of
the pulse. The red-shift, which is typical for semiconductor lasers [154], can be inferred from
the λ0 as given in Tab. 4.2 and the red-shift of the peak wavelength of the optical spectra, see
Fig. 4.2(a). Thus, SPM may not only cause the shift of the peak wavelength but also a stronger
spectral broadening with increasing optical power of the pulses. Please note that this effect can
(at least partially) also be caused by the modified values of operating parameters (Tab. 4.2)
required to achieve the broadest spectral bandwidth. High optical peak powers, however, can
also lead to instable mode-locking which can be counteracted by adjusting the reverse voltage
at the saturable absorber section and gain section current, as was done here, see Tab. 4.2.

The effect of increasing the resonator length on the RF stability can be determined by inves-
tigating the FN-PSD of the frequency fluctuations of the pulse repetition rate, see Fig. 4.2(b).
The FN-PSD spectra are determined from a 100 s long time trace recorded with a sampling rate
of 160 kHz and an IQ bandwidth of 128 kHz. The RBW of the FN-PSD is set to 1 Hz. The
FN-PSD of the short resonator, Lres = 25 mm, exhibits a Lorentzian-based FN-PSD across the
frequency range displayed resulting in a FWHM RF linewidth of about 2.3 kHz. The power
line hum and its even harmonic are present as dominant noise peaks on this spectrum. The
medium size resonator, Lres = 100 mm, shows a white noise floor corresponding to a FWHM
RF linewidth of around 4 Hz for Fourier frequencies above 60 Hz. The increase in FN-PSD level
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(a) optical spectrum (b) FN-PSD

Figure 4.2.: (a) Optical spectra and (b) FN-PSDs of ML-ECDLs with different resonator lengths.
The optical spectra are normalized to their respective peak power levels Pλp

. The spectra are
shifted in wavelength with respect to the 20 dBc level at the longer wavelength wing (λ0) for better
comparison of the spectral bandwidths and wing steepness. The spectra were recorded for those
values of operating parameters that allow for the largest spectral bandwidth at 20 dBc. The values
of the operation and the normalization parameters are listed in Tab. 4.2.

at low Fourier frequencies is due to frequency jitter of the carrier. In contrast, the FN-PSD of
the long resonator, Lres = 150 mm, not only features an increase at low Fourier frequencies but
is also limited at high Fourier frequencies (above approx. 3 kHz) by the instrument noise floor.
Additionally numerous noise peaks become visible on this spectrum due to the overall reduced
FN-PSD level. For this long resonator, the FWHM RF linewidth of the pulse repetition rate
measures about 7 mHz (detection limited). The reduction of FN-PSD with increasing resonator
length is a result of the FN-PSD being, amongst other factors, inversely proportional to the
squared resonator length [160]. Thus, a four-times increased resonator length, e.g. from 25 mm
to 100 mm, should reduce the FN-PSD by factor of 16. However, a reduction by a factor of
about 570 can be observed. This discrepancy can, on the one hand, be explained by a mod-
ification of the timing structure of the pulses with increasing resonator length as a result of
higher pulse peak power and thus increasing SPM which may result in a higher stability of the
pulse repetition rate. On the other hand, the effect of strongly reduced RF linewidth can be
explained by a modified amount of feedback from the extended cavity into the diode laser chip as
follows. The emission from the diode laser chip is collimated by minimizing the beam diameter
in a distance larger than three Rayleigh ranges. Then, the laser resonator of the ML-ECDL is
aligned. In mode-locked operation, the collimation is optimized for a resonator length of about
40 mm that corresponds to a pulse repetition rate of around 3.4 GHz. The resulting position of
the lens is kept constant for all resonator lengths investigated in this work. This constant lens
position modifies the coupling efficiency of the beam in the extended cavity into the diode laser
chip for the different resonator lengths. This modified coupling efficiency leads to a decreasing
amount of feedback level with increasing resonator length. However, a detailed investigation of
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the physical effects underlying these results was not within the scope of this thesis, but is of
interest for future investigations.

A consequence of the results presented here is to realize mode-locked lasers with a maximum
possible resonator length. Observing the limits set by the future MIOBs and adhering to the
required pulse repetition rates, the final resonator length is chosen to be about 44 mm. This
corresponds to a pulse repetition rate of 3.4 GHz.

4.2.4. Epitaxial layer design of the diode laser chip
Within this thesis work, the results presented in this section were already partially published in
Ref. [100].

The main task of this thesis work is to develop a diode laser-based OFCG which fulfills the
requirements given in Sec. 1.2.4. Hence, a design of the active region that supports the fulfillment
of those requirements needs to be employed. As pointed out in the evaluation criteria (Sec. 4.1),
a large spectral bandwidth and a high RF stability are of utmost importance.

QD lasers that typically generate a large spectral bandwidth mode-locked emission with highly
stable RF characteristics are not readily available in the wavelength range around 780 nm
[114, 172–174]. Diode lasers with an active region comprising a single quantum well (SQW)
structure can feature a gain bandwidth broad enough [32] to cover the wavelength range of the
K and Rb D2 transitions when tailored appropriately. These lasers, however, provide only a
relatively small net modal gain which is detrimental to the stability of mode-locked operation
[175]. However, the modal gain bandwidth of diode lasers featuring a higher number of QWs
decreases with the QW number [135]. Thus, increasing the QW number, typically, is detrimental
to the mode-locked spectral bandwidth. Increasing the modal gain bandwidth of multi quantum
well (MQW) devices can be achieved by means of tailoring the wavelength of the modal gain
peak separately for each QW. This tailoring can be done via optimization of the thickness
and the composition of the epitaxial layer structure of the active region [176–179]. By this
means, a tuning range of CW emission lasers of more than 88 nm has been demonstrated [178].
Similar devices implemented in an extended cavity have been shown to operate in a mode-locked
regime with a narrow spectral bandwidth of about 2 nm [180]. These devices were optimized
for wavelength tunability of the mode-locked spectrum, not for the spectral bandwidth. The
mode-locked optical spectrum could be tuned by about 60 nm by means of an external frequency
selective diffraction grating acting as back reflector of the extended cavity [180]. In this work,
the increased modal gain bandwidth offered by such MQW structures that feature separately
optimized QWs is exploited for realizing an OFCG with large spectral bandwidth.

As only a spectral range of about 13 nm is to be bridged, an asymmetric double quantum
well (aDQW) structure with individually optimized QWs is realized and investigated in the
following. The emission of that device is compared to symmetric double quantum well (sDQW)
structures with identical QWs.

The vertical layer structure of all the diode laser chips employed in this thesis was grown
by MOVPE on 3" (100) GaAs substrates. The epitaxial layer structure can be divided into
two constituents: the active layers consisting of QWs and barrier layers, and a vertical optical
waveguide. The influence of the optical waveguide was discussed above in Sec. 4.2.1. The
influence of the active epitaxial layers is discussed in the following.
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Influence of As content of the QWs

The stochiometric composition of the QWs of a DQW structure is varied to explore their in-
fluence on the spectral characteristics of the mode-locked ECDL, such as center wavelength
and spectral bandwidth. For emission in the 770 nm spectral range, an Al-free, tensile-strained
GaAsyP1−y DQW structure embedded in Al0.4Ga0.6As barrier layers is employed. Here, y de-
notes the As content in the respective layer. Employment of a tensile-strained active region is
preferred in that wavelength range due to emission efficiency properties [95, 114]. The optical
gain can be optimized by means of the stochiometric composition and the thickness of the QWs.
To that end, the As concentration was varied from 0.75 to 0.81 to allow for realization of sDQW
structures emitting at 760 nm, 770 nm, and 780 nm, respectively. Additionally, an aDQW struc-
ture featuring a different stoichiometric composition in each QW, y1 = 0.81 and y2 = 0.75, was
grown to investigate the possibility of broadening the mode-locked optical spectrum by slightly
shifting the gain peak of one QW with respect to the other. The QW and barrier layer thickness
was optimized for a maximum modal gain. Table 4.3 summarizes the fabricated vertical layer

Table 4.3.: Design properties of active epitaxial layer structures.

QW design As content thickness of design center denotation
yQW1 yQW2 QW barrier wavelength

symmetric 0.75 10 nm 9 nm 760 nm sDQW(760)
symmetric 0.78 11 nm 10 nm 770 nm sDQW(770)
symmetric 0.81 14 nm 10 nm 780 nm sDQW(780)

asymmetric 0.81 0.75 10 nm 9 nm 775 nm aDQW

structures. The specific designs and simulations of these epitaxial layer structures were done
by Dr. Hans Wenzel (FBH). Thermal effects were not included in the simulation. The lasers
employing the epitaxial layer structures described above will be called sDQW laser and aDQW
laser, respectively, henceforth.

First, the calculated modal gain spectra (simulation) and the amplified spontaneous emission
spectra (experiment) of the realized diode laser chips are compared. Second, the mode-locked
optical spectra of the corresponding, fully assembled 44 mm long ML-ECDLs were recorded
with those values of the operating parameters that allow for the largest spectral bandwidths at
20 dBc. The values of the operating parameters of the realized devices are collected in Tab. 4.4.

The modal gain spectra of the active epitaxial layer structures listed in Tab. 4.3 are depicted
in Fig. 4.3(a). With Eq. 2.11, the modal gain was calculated for a carrier density of 4 · 1018/cm3

and a temperature of 300 K. For the simulation, a confinement factor and effective refractive
index of Γ = 0.012 and neff = 3.39, respectively, were used [181].

From the simulated modal gain spectra of the sDQW structures, see Fig. 4.3(a) and Tab.
4.5, it can be seen that an increase of the As content of only 0.03 results in a shift of the peak
wavelength of the spectrum of about 10 nm to longer wavelengths, as expected from Ref. [114].

The modal gain spectrum of the aDQW features a double peak structure, see Fig. 4.3(a).
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Table 4.4.: Values of operation (op.) parameters for data shown in Figs. 4.3 and 4.4. The mount
temperature Tmount is set to 20.0 ◦C. These values of the operating parameters allow for the largest
spectral bandwidth of each device.

operation mode ASE mode-locking
❤❤❤❤❤❤❤❤❤❤❤❤❤❤❤❤❤QW design

op. parameter
IDCI/mA USAB/V IDCI/mA

sDQW(760) 245.0 -1.40 250.0
sDQW(770) 245.0 -2.14 250.0
sDQW(780) 100.0 -4.16 250.0

aDQW 245.0 -1.55 245.0

(a) calculated modal gain spectrum (b) measured ASE spectrum

Figure 4.3.: (a) Calculated modal gain spectra and (b) measured ASE spectra of diode laser chips
with different As content of the QWs. The DQWs of the 2 mm long diode laser chips are optimized
for emission at 760 nm (grey), 770 nm (red), 780 nm (blue), and 760 - 780 nm (green). The values of
the operating parameters and key spectral characteristics are listed in Tabs. 4.4 and 4.5, respectively.

Table 4.5.: Peak wavelengths λp and spectral bandwidths ∆λ3 and ∆λ20 at 3 dBc and 20 dBc,
respectively, for the calculated modal gain spectra (SIM) and measured ASE (ASE) of different
diode laser chips, and for optical spectra (ML) of corresponding ML-ECDLs.

QW design λp/nm ∆λ3/nm ∆λ20/nm
SIM ASE ML ASE ML ML

sDQW(760) 757 762 766.49 9 1.18 2.67
sDQW(770) 767 770 775.52 9 1.89 4.07
sDQW(780) 777 781 788.87 9 2.30 5.17

aDQW peak 1
peak 2

764 767 771.22 17 1.67 16.12
773 782 782.22
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This double peak spectral feature is determined by the QWs with an As content of 0.75 and
0.81, respectively, which corresponds to the As content of the sDQW(760) and sDQW(780)
devices, see Tab. 4.3. The individual wavelength peaks of both QWs of the aDQW device
cannot be clearly identified. However, rough estimations of the respective peaks by means of
determination of the local minima of the absolute value of the first derivative of the modal
gain allow for investigation of general tendencies. The shorter and longer wavelength peak are
at about 764 nm and 773 nm, respectively. The simulation results (Fig. 4.3(a)) also show
that the spectral coverage of the aDQW laser is smaller than the joint spectral coverage of the
sDQW(760) and sDQW(780) lasers.

For comparison, the ASE spectra of 2 mm long diode laser chips were recorded. For this
measurement, all sections of the diode laser chips were contacted in parallel. The heatsink was
stabilized to a temperature Tmount of 20.0 ◦C. To prevent optical feedback, the components of
the laser resonator were removed and the divergent emission was captured by a beam dump. The
resulting ASE spectra are depicted in Fig. 4.3(b). The optical spectra for the ASE operation
are normalized to the common peak.

The wavelength shift observed in the modal gain spectra of the sDQW devices (Fig. 4.3(a)) can
also be found in the corresponding ASE spectra, see Fig. 4.3(b). However, the peak wavelength
shift observed experimentally exceeds the shift derived from the simulation. This can be due
to a slightly modified As content in the realized devices. Using the nominal wavelength shift of
10 nm per change As content of 0.03, a deviation of the As content from the intended values
(see Tab. 4.3) to 0.765, 0.789, and 0.822 for the sDQW(760), sDQW(770), and the sDQW(780)
devices, respectively, can be estimated.

As expected, the double peak structure observed in the modal gain spectrum of the aDQW
device is also present on the corresponding ASE spectrum. Similar to the modal gain spectrum,
the spectral peak on the longer wavelength side of the ASE spectrum cannot be clearly identified.
The wavelength of the shorter and longer wavelength peak can roughly be estimated to about
767 nm and 782 nm, respectively, see Tab. 4.5. As observed with the sDQW devices, the ASE
spectrum of the aDQW device is shifted to longer wavelengths compared to the modal gain
spectrum. For the aDQW device, the shorter wavelength peak is shifted by about 3 nm to
longer wavelengths, the longer wavelength peak is shifted by about 9 nm to about 782 nm.
Thus, it can be assumed that a deviation of As content from the nominal values, see Tab. 4.3,
occurred during wafer growth. A deviation of 0.009 to 0.759 and 0.027 to 0.837 for the shorter
and longer wavelength peaks, respectively, can be estimated. In contrast to the modal gain
spectrum of the aDQW device, the spectral coverage of the corresponding ASE spectrum is
similar to that of the joint spectral coverage of the sDQW(760) and sDQW(780) devices.

The mode-locked optical spectra of the fully assembled ML-ECDL, corresponding to the diode
laser chips investigated above for their (calculated) modal gain, and ASE spectra, are depicted
in Fig. 4.4. The mode-locked optical spectra are normalized to their common peak. Compared
to the corresponding ASE spectra, the mode-locked spectra are shifted to longer wavelengths.
This is due to the influence of the saturable absorber reverse voltage which red-shifts the optical
spectra [97, 182]. Nevertheless, the mode-locked optical spectrum follows the general behavior
observed for the modal gain and ASE spectra.

The spectral bandwidth at 20 dBc of the mode-locked sDQW lasers increases with increasing
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Figure 4.4.: Mode-locked optical spectra of ML-ECDLs with different As content in the QWs
corresponding to the data shown in Fig. 4.3. The ML-ECDLs were operated at those values of
operating parameters that allow for the largest spectral bandwidths at 20 dBc. The values of the
operating parameters and key spectral characteristics are listed in Tabs. 4.4 and 4.5, respectively.

As content by roughly 1.2 nm per increase of As content of nominal 0.03 from about 2.7 nm to
5.2 nm, see Tab. 4.5. The increase of spectral bandwidth at 3 dBc for this range of As content
is comparably low with 0.7 nm at maximum, see Tab. 4.5. A conclusion that can be drawn
from these results is that a higher As content, at which the tensile strain is reduced [114], leads
to larger spectral bandwidths and shifts the emission to longer wavelengths.

Similar to the modal gain spectrum and the corresponding ASE spectrum, the mode-locked
optical spectrum of the aDQW laser features a double peak structure, see Fig. 4.4. While
the individual peaks cannot be clearly identified in the corresponding modal gain and ASE
spectra, the mode-locked optical spectrum shows two clearly separable spectral bands. The
peak wavelengths of the shorter and longer spectral band are about 771.2 nm and 782.2 nm
(Tab. 4.5), respectively. In mode-locked operation, in comparison to ASE operation, the longer
wavelength peak is observed at the same wavelength. In contrast, the shorter wavelength peak is
shifted to longer wavelengths by about 4 nm. This finding indicates that the saturable absorber
reverse voltage has a stronger influence on the shorter wavelength part of the spectrum. The
spectral bandwidth at 3 dBc of the aDQW device lies between the respective values for the
sDQW(760) and sDQW(770) devices. This is expected as the spectral bandwidth of the sDQW
devices increases with increasing As content and the wavelength peak of the shorter wavelength
QW of the aDQW device lies between the values of the sDQW(760) and sDQW(770) devices.
The strongly increased bandwidth of the modal gain results in a spectral bandwidth at 20 dBc of
the mode-locked optical spectrum of the aDQW laser that is about a factor of more than 5 and
still about a factor of 3 larger than that of the sDQW(760) and sDQW(780) laser, respectively,
see Tab. 4.5.

The mode-locked optical spectrum of the aDQW device features, in contrast to the corre-
sponding ASE spectrum, a reduced spectral coverage that was also observed in the corresponding
modal gain spectrum.

Another effect resulting from increasing the As content in the sDQW devices is a reduction
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of the modal gain maximum, see Fig. 4.3(a), resulting in a reduction of optical power. Further,
the modal gain peaks of the aDQW structure are reduced compared to that of the corresponding
sDQW structures. Thus, while a mode-locked optical spectrum can be expected of the aDQW
diode laser chips to be much broader than that of the sDQW lasers, the average optical output
power of the aDQW laser is also expected to be much lower. However, the optical power is not
the focus of this section and will not be discussed here. Please note that the average optical
power exceeds the requirement (Tab. 1.1) for all devices.

In conclusion, the good qualitative agreement between simulation and experiment is observed.
The investigations show that implementation of an ML-ECDL featuring an aDQW device allows
for a spectral bandwidth exceeding the requirement, see Tab. 1.1.

Influence of carrier density

To investigate the influence of the gain section current on the spectral properties of the sDQW
and aDQW structures, simulations of the modal gain spectra, and measurements of the ASE
and mode-locked optical spectra were performed for the sDQW(760) device and for the aDQW
device, see Figs. 4.5 and 4.6. For the simulation of the modal gain, only the carrier density
in the quantum wells is taken into account. The relationship between carrier density in the
active region and injection current into the diode laser chip is described by Eqs. 2.3 and 2.4. It
can be seen that the carrier density in the active region is roughly proportional to the injected
current. In the simulation, the loss of carriers due to non-stimulated emission and the collection
efficiency of carriers into the active region are neglected. Thus, the behavior of the modal gain
with increasing carrier density can be considered proportional to the expected behavior of the
ASE spectrum with increasing injection current.

For the investigation presented here, the same values of operating parameters as in the previous
paragraph were employed, see Tab. 4.4. Here, however, the gain section injection current IDCI

was varied to investigate the influence of the carrier density/current on the modal gain, ASE
operation, and the mode-locked operation.

The effect of increasing carrier density on the modal gain of the sDQW and aDQW devices
is shown in Fig. 4.5(a). It can be seen that with increasing carrier density, the modal gain of
both, the sDQW and the aDQW device, increases. The modal gain of the sDQW device shows
one dominant peak at the shorter-wavelength part of the spectrum. For the aDQW device, two
peaks are visible. The longer-wavelength peak dominates the modal gain spectrum for carrier
densities below 4 · 1018 /cm3. Further increase of the carrier density reverses this relationship.
Even further increase of the carrier density starts to saturate the modal gain of both, the sDQW
and the aDQW device.

For the sDQW device, the behavior of the wavelength peak is as follows. For all investigated
carrier densities, the peak wavelength of the modal gain shifts towards shorter wavelengths by
about -0.5 nm/(1018 cm3) and -8 pm/mA, respectively. The rate of the wavelength shift slightly
reduces for increasing carrier densities.

For the aDQW laser, the spectral bands provided by each QW show a different behavior.
While the shorter-wavelength peak of the modal gain of the aDQW structure shifts to shorter
wavelength by roughly -0.6 nm/(1018 cm3), the longer-wavelength peak shifts towards longer
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(a) calculated modal gain spectrum (b) measured ASE spectrum

Figure 4.5.: (a) Calculated modal gain spectra of diode laser chips for different carrier densities, and
(b) measured ASE spectra of diode laser chips for different gain section injection current settings for
a sDQW(760) and a aDQW device. For the modal gain spectra, the carrier density is increased from
2 · 1018/cm3 to 10 · 1018/cm3 in 1 · 1018/cm3 steps. For the ASE spectra, the gain section injection
current IDCI is increased from 0 mA to 250 mA in 25 mA steps and a mount temperature 20.0 ◦C is
set. The measured spectra are normalized to the common peak.

wavelengths by approx. 1 nm/(1018 cm3) over the investigated carrier density range.
The spectral bandwidth of both, the sDQW and the aDQW device, increases for increasing

carrier density in the displayed range of carrier densities.
The simulated behavior of the modal gain is qualitatively reflected by the experimental ASE

spectra for both devices, see Fig. 4.5(b). The ASE spectrum of the sDQW diode laser shows
one dominant peak while that of the aDQW laser shows two peaks. Below a current of about
175 mA, the longer-wavelength peak dominates the ASE spectrum of the aDQW device. Above
that current, the shorter-wavelength peak dominates the ASE spectrum of the aDQW device.
Further, the increase of peak ASE power starts to saturate with increasing gain section injection
current for both, the sDQW and aDQW lasers.

The behavior of the spectral bandwidth at 3 dBc of the ASE spectrum with increasing gain
section injection current also shows a good agreement with the simulation. However, the spectral
bandwidth at 3 dBc of the ASE spectrum of the aDQW device reaches a maximum at a gain
section injection current of about 175 mA. A further increase of the carrier density and injection
current, respectively, leads to a decrease of spectral bandwidth at 3 dBc.

For the sDQW laser, the wavelength shift of the peak wavelength of the ASE spectrum
shows a good agreement with the simulation below a gain section injection current of about
175 mA. Above 175 mA, the wavelength shift changes direction for the ASE spectrum. The
ASE spectrum experiences a shift in the opposite direction at about the inverse rate of before,
i.e. about 8 pm/mA.

For the aDQW laser, the general behavior observed in the simulation is partially reproduced
in the experiment. The ASE spectrum features a spectral shift towards shorter wavelengths with
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a rate of about -30 pm/mA and -8 pm/mA for the shorter-wavelength and longer-wavelength
peak, respectively. The rate of the wavelength shift reduces with increasing gain section injection
current until, above 175 mA, almost no spectral shift is detectable, similar to the behavior of the
modal gain spectra with increasing carrier density. The good agreement of the ASE operation
with the simulation suggests that carrier related wavelength shifts dominate.

Similar optical characteristics as observed in the modal gain and the ASE spectra can be seen
in the experimentally determined mode-locked optical spectrum, see Fig. 4.6.

(a) sDQW laser (b) aDQW laser

Figure 4.6.: Mode-locked optical spectra and spectral bandwidths of (a) a sDQW(760) and (b) an
aDQW laser. The values of the operating parameters are given in Tab. 4.4.

Mode-locking occurs for both the sDQW and the aDQW laser from just above the threshold
current until maximum current. Both laser types show a threshold current of more than 200 mA.
The sDQW laser provides a threshold current smaller than that of the aDQW laser by 20 mA.

It can clearly be seen that the sDQW laser features a single spectral band while the aDQW
laser shows two overlapping spectral bands, see Figs. 4.6(a) and 4.6(b), respectively. With
increasing gain section injection current, spectral power of the longer-wavelength peak of the
aDQW laser decreases.

The peak wavelength of the mode-locked optical spectrum of the sDQW shows a behavior
different from the simulation and the ASE spectrum. The peak wavelength always shifts to
longer wavelengths by about 25 pm/mA. This indicates thermal heating of the diode laser chip.
However, the diode laser chip is mounted on a temperature stabilized mount (Sec. 3.3.1). This
suggests that the increase of temperature in the diode laser chip is due to the thermal resistance
of the laser test mount.

In contrast, the mode-locked optical spectrum of the aDQW device shows a wavelength shift
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of -95 pm/mA and 100 pm/mA for the shorter-wavelength and longer-wavelength peaks, re-
spectively. This qualitative agreement with the simulation, which does not account for thermal
effects, emphasizes that the experimentally observed behavior of the optical spectrum of the
aDQW laser in ASE as well as in mode-locked operation is dominated by carrier effects.

The spectral bandwidth of the sDQW laser is nearly constant at about 1 nm at 3 dBc and
2.5 nm at 20 dBc for the displayed current range, see Fig. 4.6(a). The spectral bandwidth at
3 dBc of the aDQW laser is at maximum about 8 nm just above the threshold current, see Fig.
4.6(b). At this current, the spectral power in the shorter-wavelength and longer-wavelength
peak is similar. Above about 230 mA, the spectral bandwidth at 3 dBc of the aDQW laser
remains almost constant at about 2 nm. The spectral bandwidth at 20 dBc of the aDQW laser
increases with increasing gain section injection current up to more than 16 nm at 245 mA.
Above 245 mA, the spectral bandwidth of the aDQW device decreases with further increasing
gain section injection current as the spectral power of the longer-wavelength peak decreases to
about 20 dBc.

In conclusion to this section, the aDQW device is found to provide a spectral bandwidth
exceeding the requirement in a broad range of gain section injection current.

4.2.5. Longitudinal design of the diode laser chip
In this section the influence of the length of the diode laser chip and its sections, see Fig. 4.7,
is investigated. The lengths of the diode laser chip, and of the gain and saturable absorber
section are denoted Lchip, Lgain and LSA, respectively. The sections are separated from each
other by a 30 µm long passive, unpumped region which provides sufficient electrical isolation
of the p-contacts of both sections. A 15 µm long passive region is located between the facet
and the adjacent section to avoid excessive thermal and carrier load close to the facets. In
the following, the influence of the section lengths Lgain and LSA is investigated. To that end,
those mode-locking performance characteristics that show the strongest influence of the section
lengths will be discussed in detail.

Figure 4.7.: Schematic of physical dimensions of diode laser chips.
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Influence of the gain section length

To investigate the influence of the length of the gain section on the mode-locking performance,
1 mm (DLC1000) and 2 mm (DLC2000) long diode laser chips with a saturable absorber section
of 100 µm were employed. Thus, the gain sections are 900 µm and 1900 µm long, respectively.
The diode laser chips feature an sDQW(780) region as, at the time of these experiments, aDQW
devices were not available. Although the facets could not be coated in the same process run
due to the length difference, nominally identical facet coatings (Rf = 5 %, Rr = 10−4) were
employed. The values of operating parameters applied to the diode lasers, see Tab. 4.6, were
chosen in order to provide the maximum spectral bandwidth at 20 dBc possible with each device.

Table 4.6.: Operating parameters of ML-ECDLs with different gain section lengths.

chip denotation DLC1000 DLC2000

chip parameter

Lchip/µm 1000 2000
LSA/µm 100 100

Lgain/µm 900 1900
LSA/Lgain/% ≈ 11 ≈ 53

ML-ECDL
(operating) parameter

Tmount/◦C 20.0 20.0
USAB/V -1.0 -4.0
IDCI/mA 210.0 270.0
Lres/mm ≈ 42 ≈ 38

The optical spectra of the DLC1000 and DLC2000 devices are shown in Fig. 4.8. The mode-
locking characteristics of the investigated devices extracted from Fig. 4.8 are summarized in
Tab. 4.7. It can be seen that the spectral bandwidth at 3 dBc of the DLC1000 device is slightly
larger than that of the DLC2000 device (Tab. 4.7). This relationship is reversed for the spectral
bandwidth at 20 dBc (Tab. 4.7) which is the decisive parameter in this work. However, the
difference is not significant.

Table 4.7.: Mode-locking performance of ML-ECDLs with different gain section lengths Lgain.
DLC1000 - Lgain = 900 µm, DLC2000 - Lgain = 1900 µm.

parameter λp ∆λ3 ∆λ20 Lres frep ∆fL
rep tp Pavg Pp

unit nm nm nm mm GHz Hz ps mW W
DLC1000 787.58 2.56 5.24 42 3.59 1092 4.7 60.8 3.2
DLC2000 789.45 2.05 5.61 38 3.97 86 5.0 105.8 4.7

The main difference between both lasers can, however, be determined by means of time-
based investigations of the RF characteristics. The RF linewidth is determined via a Lorentzian
fit of the RF spectrum (Fig. 4.9) reconstructed from time domain IQ measurements of the
pulse repetition rate. The IQ data were recorded for 500 ms with a sampling rate of 160 kHz
which provided an IQ bandwidth of 128 kHz. Please note that the pulse repetition rate of the
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Figure 4.8.: Optical spectra of ML-ECDLs with different gain section lengths Lgain. DLC1000 -
Lgain = 900 µm, DLC2000 - Lgain = 1900 µm.

DLC1000 laser is less than 10 % smaller than that of the DLC2000 laser. This slight difference
is not significant enough to strongly influence the RF linewidth. With an RF linewidth of only
about 86 Hz, the DLC2000 device provides an RF linewidth ∆fL

rep smaller than an order of
magnitude in comparison to the DLC1000 (∆fL

rep = 1092 Hz), see Tab. 4.7.

Figure 4.9.: RF spectra of ML-ECDLs with different gain section lengths Lgain. The RF spectra
are reconstructed from IQ data (see text for details). The carrier frequency is the respective pulse
repetition rate. DLC1000 - Lgain = 900 µm, DLC2000 - Lgain = 1900 µm.

Further, it can be seen that the DLC2000 device provides a higher average optical power by a
factor of about 2 compared to the DLC1000 device. This increases the optical power for comb
lines at 20 dBc. With a similar pulse width and almost twice the average power of the DLC1000
device, the DLC2000 device features a peak power larger than that of the DLC1000 device by
about 50 %, providing a better compliance with the requirements on the optical power of the
mode-locked laser, see Sec. 1.2.4. The higher output power can be attributed to the longer gain
section of the DLC2000 device due to relatively reduced losses (non-linear and linear) compared
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to the DLC1000 [183]. Consequently, the higher RF stability of the DLC2000 device may also
be a result of a smaller carrier density and, thus, reduced ASE in the diode laser chip.

In conclusion, the investigation of the influence of the gain section length shows that longer
gain sections, here 1900 µm as compared to 900 µm, are preferable for the purpose of this thesis
work.

Influence of the saturable absorber length

For onset and stability of the mode-locked operation, the length of the saturable absorber section
LSA is an important parameter [183]. The absorber section does not only provide the nonlinear
losses necessary to establish and maintain mode-locked operation. It also features linear losses
that, if too high, increase the threshold current and limit the maximum optical power, see Sec.
2.4. Typical ratios of the saturable absorber and the gain section lengths are between 1:50 and
1:5, see, e.g., [160, 183–185]. A short saturable absorber is preferable as this minimizes the
amount of linear losses in the laser and maximizes the optical output power. Thus, investigation
of the influence of the saturable absorber length with diode laser chips providing a large spectral
bandwidth is required.

The investigation of the influence of the saturable absorber length could not be performed
using the sDQW lasers used in the investigation of the gain section length. The reason for that is
that the length of the saturable absorber (100 µm) was kept constant for those lasers. However,
the aDQW lasers, that were available later in this work than the sDQW laser, were realized
with different absorber lengths. The 2 mm long aDQW diode laser chips were provided by FBH
with 50 µm (SA50) and 100 µm (SA100) long saturable absorber sections, respectively. The
ratios of the saturable absorber and gain section lengths are about 1:38 and 1:19, respectively.
The diode laser chips were implemented in ML-ECDLs with an optical resonator length Lres of
approximately 44 mm corresponding to a pulse repetition rate of about 3.4 GHz. The mode-
locking performance is compared for those values of operating parameters that allow for the
largest spectral bandwidth at 20 dBc. The laser and operating parameter are summarized in
Tab. 4.8.

Table 4.8.: Operating parameters of ML-ECDLs with different saturable absorber lengths.

chip denotation: SA50 SA100

chip
parameter

Lchip/µm 2000 2000
Lgain/µm 1950 1900
LSA/µm 50 100

LSA/Lgain/% ≈ 2.6 ≈ 5.3

ML-ECDL
(operating)
parameters

Tmount/◦C 20.0 20.0
USAB/V -1.70 -1.55
Lres/mm 44 44

The optical frequency domain characteristics are shown in Fig. 4.10. The optical spectra as a
function of the gain section injection current are shown in Fig. 4.10(a). The peak wavelengths
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(a) optical spectra (b) spectral bandwidths at 20 dBc

Figure 4.10.: (a) Optical spectra and (b) spectral bandwidths at 20 dBc of ML-ECDLs with different
saturable absorber section lengths LSA. SA50 - LSA = 50 µm, SA100 - LSA = 100 µm.

are indicated. The optical spectra are individually normalized to the maximum optical power
provided at each gain section injection current. The spectral bandwidths at 20 dBc as extracted
from the optical spectra are depicted in Fig. 4.10(b).

It can be seen (Fig. 4.10(a)) that the SA50 and SA100 devices feature similiar threshold cur-
rents, about 210 mA and 225 mA, respectively. Below 230 mA, the SA50 device provides a peak
wavelength of about 780 nm corresponding to the longer-wavelength QW, see Fig. 4.3. With
increasing gain section injection current, the relative optical power of the longer-wavelength QW
decreases. At about 230 mA, the shorter wavelength QW dominates and the peak wavelength
jumps to about 770 nm.

In contrast, the SA100 device provides similar optical power in both spectral bands at about
770 nm and 780 nm just above the threshold current. It can be clearly seen that the relative
optical power of the longer-wavelength QW reduces with increasing gain section injection current
similar to the SA50 device. This tendency will eventually result in a drastic reduction of spectral
bandwidth of the SA100 at gain section injection currents above 250 mA, similar to the SA50
device.

Nevertheless, both devices allow for spectral bandwidths of about 16 nm at the 20 dBc level
for similar values of operating parameters, 230 mA and 245 mA, respectively, see Fig. 4.10(b).
In contrast to the SA50 device, the SA100 device provides a smoother behavior of the optical
spectrum with increasing gain section injection current, showing no jumps in peak wavelength
and spectral bandwidth. Thus, for the implementation of the ML-ECDL in future QUANTUS
experiments, the SA100 device would be preferable in terms of the spectral characteristics.

To further evaluate the ML-ECDL (see Sec. 4.1), the RF stability of both mode-locked lasers
was investigated with regard to the RF linewidth (Fig. 4.11(a)) and RMS integrated timing jitter
(Fig. 4.11(b)) determined from recorded IQ data. In the low frequency range (1 Hz - 80 kHz), a
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(a) RF linewidth (b) RMS integrated timing jitter

Figure 4.11.: (a) RF linewidths and (b) RMS integrated timing jitters of ML-ECDLs with different
saturable absorber section lengths LSA. SA50 - LSA = 50 µm, SA100 - LSA = 100 µm.

sampling rate of 160 kHz providing an IQ bandwidth of 128 kHz, and time record length of 100 s
were employed, while in the higher frequency (100 Hz - 12.8 MHz) range, 32 MHz, 25.6 MHz,
and 500 ms were used, respectively. The RF linewidths were determined via Lorentzian fit of
the RF spectra reconstructed from low frequency range IQ data. The RMS integrated timing
jitter is calculated in an integration band(width) (IB) from 10 kHz to 10 MHz. The same
values of operating parameters were applied that were used for the investigation of the spectral
characteristics of the SA50 and SA100 laser.

The SA50 device shows a sharp increase in RF linewidth from about 6 kHz to more than
18 kHz with increasing gain current in the large spectral bandwidth operation regime, see Figs.
4.10(a) and 4.11(a). In contrast, in the single spectral band operation regime for gain currents
below 230 mA and above 245 mA, RF linewidths of at maximum 8.7 kHz are achieved. The
increase of RF linewidth in the intermediate range of gain current occurs when optical power of
the longer-wavelength QW is more than 10 dB above that of the the shorter-wavelength QW,
see Fig. 4.10(a). The reason for this behavior can be found in a competition of the dominating
spectral bands centered at around 770 nm and around 780 nm. This can be assumed as below
230 mA and well above the jump of the dominating spectral band similar RF linewidths can be
achieved.

The SA100 device shows an RF linewidth of at most 8.4 kHz. Although those RF linewidths
are about an order of magnitude larger than the RF linewidths typical for sDQW devices (about
500 Hz for sDQW(760) [100]) both devices still meet the requirements on the lasers that are to
be developed within this thesis, see Tab. 1.1.

The behavior of the RF linewidth is reflected in the behavior of the RMS integrated timing
jitter that was determined from the high frequency range IQ data, see Fig. 4.11(b). For both
devices RMS integrated timing jitter values in the range of 17 to 29 ps are determined. The
SA100 device again displays a higher RF timing stability, i.e. lower timing jitter values. The
timing jitter of an sDQW device, e.g. sDQW(760), is about a factor 4 reduced compared to
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those determined here [100].
The results shown above already indicate comparable spectral bandwidths and higher RF

stability as well as a broader accessible gain section injection current range for the SA100 device.
Investigation of the swept RF spectrum allows for further evaluation of the SA50 and SA100
lasers. This measurement technique allows for investigations at Fourier frequencies too large to
be accessible with the IQ measurement tool.

Fig. 4.12 shows the RF spectrum in a bandwidth of 500 MHz around the fundamental
frequency of the RF signal of the pulse train (i.e. the pulse repetition rate) for the values of
operating parameters given in Tab. 4.8. The applied gain currents are 230 mA and 245 mA
for the SA50 and SA100 laser, respectively. These values of operating parameters allow for the
broadest optical spectra at 20 dBc for each device. To facilitate comparison, both spectra are
shown for Fourier frequencies relative to the pulse repetition rate and are normalized to their
common peak level.

Figure 4.12.: RF spectra of the SA50 and the SA100 device in a broad frequency range.
The RF spectra are depicted versus carrier frequency corresponding to the pulse repetition rate
(frep ≈ 3.4 GHz). The applied gain currents are 230 mA and 245 mA for the SA50 and SA100 laser,
respectively. The values of the other operating parameters are given in Tab. 4.8.

It can be seen that the SA100 device (red, bottom plot of Fig. 4.12) shows a higher SNR than
the SA50 device (black, top plot of Fig. 4.12). The main difference, though, can be identified
in the noise floor of the RF spectra. The RF spectrum of the SA50 device features a periodic
peak structure with a frequency period of about 70 MHz. Further, the RF power of the peaks
is asymmetric with respect the central RF frequency. In contrast to the RF spectrum provided
by the SA50 laser, the RF spectrum of the SA100 device features an asymmetric noise floor
(instrument1 noise floor approx. -50 dB) but no periodic peak structure.

The periodic peak structure observed for the SA50 device indicates a periodic amplitude
modulation of the pulse train. If its underlying cause was optical feedback from an external
source, this source would be found in a distance of about 2 m. Blocking the rear-output of

1This means the instrument chain comprising the fast photodetector, the broadband amplifier, and the electrical
spectrum analyzer used for RF analysis.
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the SA50 laser shows no change in the structure of the RF spectrum. Thus, the feedback does
not originate from that direction. Further, the optical isolator which is implemented in the
experimental setup, see Fig. 3.3, does eliminate optical feedback to the front facet of the laser.
The input facet of the optical isolator is only about 60 cm away from the ML-ECDL and is,
hence, not the source of possible optical feedback. A possible internal source for the amplitude
modulation is insufficient saturable absorption leading to Q-switched (amplitude modulated
pulse train) mode-locked operation [126, 175, 183, 186]. The asymmetry of the RF power of the
periodic peak structure indicates a noisy amplitude structure of the pulse train [187]. While
the physical origin of the periodic noise peaks of the RF spectrum of the SA50 device is not
yet identified, their appearance clearly shows that the SA100 device is to be preferred for the
purpose of this thesis.

In addition to the noisy RF spectrum, the mode-locked operation of the SA50 device can
be disturbed by optical feedback to the front facet of the laser. This has been observed when
coupling into the autocorrelator which leads to a feedback of about 25 % of the in-coupled op-
tical power. For this path of the experimental setup, the optical isolator has been omitted as
its dispersion may deform the temporal shape pulses. Thus, for measuring the autocorrelation
function, the alignment to the autocorrelator was required to be slightly misaligned from op-
timum. As optical feedback was not noticed during operation of the SA100 laser, insufficient
absorption due to shorter absorber length may be a reason [183]. Detailed investigation of the
influence of external optical feedback on the mode-locking behavior is not within the scope of
this thesis and, hence, had to be postponed to future investigations.

The results discussed above clearly show that an absorber section length of 100 µm provides
better RF stability than a length of 50 µm. As a consequence of the investigations presented in
this chapter section, the SA100 device featuring a 2 mm long diode laser chip with a 100 µm
long saturable absorber is found to be the most suitable for the purpose of this thesis.

4.2.6. Facet reflectivity of the diode laser chip

For the operation of the ML-ECDL, the reflectivities of the diode laser chips’ facets (Fig. 2.9)
are important parameters influencing, e.g., the RF stability of the OFC and the output power.
In the following, the influence of the diode laser chips’ facets’ reflectivities will be investigated
in detail.

Resonator-side facet reflectivity

For the investigations presented here, a 2 mm long sDQW(780) laser is employed. The diode
laser chip features a 100 µm long saturable absorber and a 1900 µm long gain section. The front
facet of the diode laser chip acting as laser output is coated to 5 % reflection. The resonator-
side facet of the diode laser chip is anti-reflection coated to a reflectivity2 of about 10−4. It is
known that insufficient AR coating leads to formation of parasitic cavities. This can reduce the
mode-locking stability, lead to an output consisting of multiple instead of single pulses, or even

2The reflectivity was measured by FBH using dummy substrates that were included in the coating process.
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inhibit a pulse build-up [91, 113, 188–190]. Experimental work, see, e.g. Ref. [190], has shown
that it is necessary to reduce the residual reflectivity at the resonator-side facet to 10−4 or less
in order to allow for stable mode-locking.

Multiple pulses have not been detected with any of the diode laser chips investigated in this
thesis work. However, another effect is detected, so-called self-lasing of the diode laser chip
without optical feedback from the external mirror, see Fig. 4.13. To ascertain that the effect
is due to an insufficient AR coating of the rear facet (reflectivity of 10−4), the intra-cavity
micro-lens of the ML-ECDL (Fig. 2.9) has been omitted from the test mount. Additionally,
the highly divergent beam has been blocked by means of a beam dump. All sections of the
2 mm long diode laser chip were electrically contacted in parallel. To investigate self-lasing, the
optical power emitted through the front facet of the diode laser chip as a function of the gain
section injection current is depicted in Fig. 4.13(a). The laser threshold is reached at about
115 mA without any feedback from the external mirror. At an injection current of 250 mA, an
optical output power of around 20 mW is achieved. Due to the lack of spectral selection in the
laser cavity which consists of only the diode laser chip, an unstable (longitudinal) multi-mode
operation regime is observed, see Fig. 4.13(b). With increasing injection current an effective red
shift of the peak wavelength occurs with a rate of around 12.9 pm/mA due to thermal heating
of the active region [191].

(a) average optical power (b) optical spectrum

Figure 4.13.: Self-lasing of the diode laser chip as a result of insufficient AR coating of the intra-
cavity facet of the diode laser chip. The (a) average optical power and the (b) optical spectrum were
recorded without feedback from the extended cavity. To that end, the intra-cavity facet lens was
omitted and the divergent beam was captured by a beam dump. Additionally, all sections of the
laser were connected in parallel, i.e. the laser was operated without a saturable absorber (SA). The
optical spectra are normalized to the individual peak optical power of each step of the gain section
injection current.

Next, the ML-ECDL is assembled with the diode laser chip used in the investigation described
above. In mode-locked operation, a modulation of the optical spectrum of the ML-ECDL is
found, see Fig. 4.14. For the shoulder of this spectrum, see inset of Fig. 4.14, an average
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wavelength period of the modulation of ⟨∆λ⟩39 peaks = 38.05 pm ± 0.98 pm with a modulation
depth up to about 0.5 dB can be estimated. This wavelength period corresponds well to the
physical length of the diode laser chip, assuming an effective refractive index of about 3.8.
This suggests parasitic feedback from the resonator-side facet of the diode laser chip due to an
insufficient AR coating. However, the RF linewidth and the RMS integrated timing jitter of the
pulse repetition rate (about 3.97 GHz) measure only about 320 Hz (RBW = 1 Hz, Lorentzian
fit) and about 1 ps (IB 10 kHz - 10 MHz), respectively. This points to a stable mode-locked
regime despite the parasitic feedback.

Figure 4.14.: Modulation of the mode-locked optical spectrum due to parasitic feedback from the
resonator-side facet. The mode-locked optical spectrum was recorded for the same diode laser chip
which was employed for the measurements shown in Fig. 4.13. The inset shows a narrow spectral
range of the shoulder of the optical spectrum to highlight the influence of the power modulation.

Reduction of residual reflectivity of the resonator-side facet of the diode laser chip can be
realized by, e.g., tilting the waveguide w.r.t the resonator-side facet [91, 113, 190, 192]. Imple-
mentation of such tilts, however, requires a new wafer whose production is not feasible within
this work but needs to be considered for future developments.

The findings show that an AR coating in the order of 10−4, which has been reported as
maximum acceptable resonator-side facet reflectivity for stable mode-locking [190], is insufficient
to suppress formation of parasitic cavities but is sufficient to provide a mode-locking performance
with high RF stability, i.e. an RF linewidth better than 10 kHz, see Sec. 1.2.4.

Front facet reflectivity

It is known that the reflectivity of the front facet of an ML-ECDL affects, e.g., the optical power
within the optical resonator, the spectral bandwidth, and the RF stability [154, 193–195]. To
investigate the influence of the front facet reflectivity of the ML-ECDL, two nominally identical
2 mm long diode laser chips (sDQW(780)) featuring front facet reflectivities of 5 % (sDQW-5)
and 10 % (sDQW-10) were employed. This study was conducted very early in this work when
only diode laser chips featuring an sDQW epitaxial layer structure designed for emission around
780 nm were available. The values of operating parameters for the ML-ECDLs are summarized
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in Tab. 4.9. Key parameters of the mode-locking performance of the investigated ML-ECDLs
are summarized in Tab. 4.10.

Table 4.9.: Operating parameters of the ML-ECDLs featuring sDQW diode laser chips with different
front facet reflectivities Rf . IDCI - gain section injection current, Lres - laser resonator length, Tmount

- mount temperature, USAB - saturable absorber reverse voltage.

reflectivity chip operating parameter
Rf /% denotation Tmount/◦C USAB/V IDCI/mA Lres/mm

5 sDQW-5 20.0 -3.60 305.0 37
10 sDQW-10 20.0 -3.70 280.0 38

Table 4.10.: Key parameters of the mode-locking performance of the ML-ECDLs featuring sDQW
diode laser chips with different front facet reflectivities Rf . λp - peak wavelength, ∆λ3 and ∆λ20 -
spectral bandwidth at 3 dBc and 20 dBc, frep - pulse repetition rate, ∆fL

rep - RF linewidth, tp -
pulse width at FWHM, Pavg and Pp - average and peak optical power.

parameter Rf λp ∆λ3 ∆λ20 frep ∆fL
rep tp Pavg Pp

unit % nm nm nm GHz Hz ps mW W
sDQW-5 5 788.76 1.78 5.81 4.00 321 8.4 91.5 2.40
sDQW-10 10 789.64 2.19 5.83 3.97 535 5.4 117.4 4.82

The sDQW devices with front facet reflectivities of 5 % and 10 % show very similar spectral
characteristics (peak wavelength λp, spectral bandwidths ∆λ3 at 3 dBc and ∆λ20 at 20 dBc).
Differences between these lasers can be found in the RF linewidth, the pulse width, and the
optical power.

The sDQW-5 laser provides an RF linewidth ∆fL
rep of about 321 Hz which amounts to only

about two thirds of the RF linewidth of the sDQW-10 device. This result indicates a higher RF
stability for the sDQW-5 device.

The pulse width tp (sech2 shape) of the sDQW-5 device is by about a factor of 1.6 larger than
that of the sDQW-10 device. However, in contrast to the expectation, the average optical power
Pavg of the sDQW-5 device about 20 % lower than that of the sDQW-10 laser. Typically, at a
lower facet reflectivity and similar values of operating parameters a higher output power would
be expected. The result suggests that the sDQW-5 device is operated in a regime with strong
gain saturation [154].

The results of the investigation presented above show no distinct advantage for using a low
(5 %) or high (10 %) front facet reflectivity. Thus, further investigations were performed with
a larger difference in front facet reflectivity. To this end, the mode-locking performance of
nominally identical ML-ECDLs using 2 mm long aDQW diode laser chips with a front facet
reflectivity of 5 % (aDQW-5) and 30 % (aDQW-30), respectively, was compared. The values of
operating parameter of those devices that allow for the largest spectral bandwidths at 20 dBc are
given in Tab. 4.11. Key parameters of the mode-locking performance are compared in Tab. 4.12
and discussed in the following.
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Table 4.11.: Operating parameters of the ML-ECDLs featuring aDQW diode laser chips with
different front facet reflectivities Rf . IDCI - gain section injection current, Lres - laser resonator
length, Tmount - mount temperature, USAB - saturable absorber reverse voltage.

reflectivity chip operating parameters
Rf /% denotation Tmount/◦C USAB/V IDCI/mA Lres/mm

5 aDQW-5 20.0 -1.55 245.0 44
30 aDQW-30 21.8 -4.16 240.0 44

Table 4.12.: Key parameters of the mode-locking performance of the ML-ECDLs featuring aDQW
diode laser chips with different front facet reflectivities Rf . λp - peak wavelength, ∆λ3 and ∆λ20 -
spectral bandwidth at 3 dBc and 20 dBc, frep - pulse repetition rate, ∆fL

rep - RF linewidth, tp -
pulse width at FWHM, Pavg and Pp - average and peak optical power.

parameter Rf λp ∆λ3 ∆λ20 frep ∆fL
rep tp Pavg Pp

unit % nm nm nm GHz kHz ps mW W
aDQW-5 5 771.22 1.67 16.12 3.40 5.3 4.9 25.34 1.34
aDQW-30 30 774.66 5.60 15.01 3.40 1.5 4.4 14.46 0.85

The peak wavelength λp of the aDQW-5 device is slightly reduced compared to the aDQW-30
device.

The spectral bandwidth at 3 dBc of the aDQW-5 device is only about a third of that of the
aDQW-30 device. However, both devices feature a similar spectral bandwidth at 20 dBc, see
Tab. 4.12. Thus, both devices exceed the requirement on the spectral bandwidth of more than
13 nm, see Sec. 1.2.4.

The RF linewidth ∆fL
rep of the aDQW-5 device measures about 5.3 kHz. Compared to the RF

linewidth of the aDQW-30 device, this value is about a factor of 3.5 larger. Thus, both devices
show RF linewidths that are about an order of magnitude larger than those of the sDQW-5 and
sDQW-10 devices investigated above (see Tab. 4.10). Nevertheless, both, the aDQW-5 and the
aDQW-30 device are still well within the requirements defined in Sec. 1.2.4.

The pulse widths of both lasers are about 5 ps pulses (sech2 shape).
The average and peak optical power of the aDQW-5 laser are about a factor of 1.8 and 1.6,

respectively, larger than those of the aDQW-30 laser. This is qualitatively expected due to the
lower front facet reflectivity of the aDQW-5 device compared to the aDQW-30 device.

The investigation presented in this section shows that the front facet reflectivity has only a
minor influence on the spectral bandwidth at 20 dBc. However, a tendency towards a slightly
larger spectral bandwidth with a front facet reflectivity of only 5 % can be seen for the aDQW
devices. As these devices provide a spectral bandwidth at 20 dBc exceeding the requirement
of about 13 nm, a front facet reflectivity of 5 % is preferred in this work. Nevertheless, the
results discussed here show that if future applications lay a focus on other criteria, like the
RF linewidth, such performance characteristics could be optimized by means of the front facet
reflectivity with only minor loss of spectral bandwidth at 20 dBc.
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4.2.7. Conclusion for optimization of the laser design
At the beginning of this work, no diode laser-based OFC in the wavelength range around
773.5 nm providing a spectral bandwidth of at least 13 nm and featuring a pulse repetition
rate in the gigahertz range was available. In close cooperation with the FBH, such a diode laser
was to be developed. The development was limited to those lasers that could be micro-integrated
on a micro-integration platform FBH was developing for CW-ECDLs. The investigations pre-
sented in this chapter have shown the following laser design to be best suited to fulfill the
requirements defined in Sec. 1.2.4:

Optical design: An optical design of the mode-locked ECDL is selected that is based on the
design of CW-ECDLs developed at FBH. The laser comprises a diode laser chip, two
single aspheric micro-lenses with an effective focal length of 2 mm for (resonator internal
and external) collimation, and an external mirror.

External mirror: A plane dielectric mirror featuring a coating with a reflectivity of 97 % and
approximately zero GVD at the resonator-side facet, and an AR coating at the other facet
is selected. Within this work the commercially available Layertec GmbH 10108 mirror is
used. This mirror can also be grinded to dimensions so that it can be implemented in the
micro-integrated laser module.

Laser resonator length: The length of the laser resonator was investigated with regard to the
spectral bandwidth and the RF stability. It was found that the ML-ECDL with a longer the
laser resonator provided the larger the spectral bandwidth and the higher the RF stability.
Thus, while originally a resonator length of about 22 mm (frep = 6.8 GHz) was planned,
a laser resonator of about 44 mm length (frep = 3.4 GHz) that can be implemented in a
micro-integrated laser module, is selected.

Epitaxial layer structure of diode laser chip: In the wavelength range of interest, tensile-strained
GaAsP QW layers will be employed. The arsenic content of the QWs strongly influences
the peak wavelength of the laser emission. It was found that by increasing the As content
by an amount of only 0.06 from 0.75 to 0.81 the peak wavelength of the modal gain of an
sDQW structure can be shifted from 760 nm to 780 nm. The corresponding mode-locked
optical spectra feature slightly longer peak wavelengths of around 766.5 nm and 789.4 nm,
respectively. This wavelength shift with arsenic content was employed in an aDQW struc-
ture where the As contents of one and the other QW correspond to that of the sDQW
structures emitting at 760 nm and at 780 nm, respectively. The modal gain of that aDQW
shows a strongly increased bandwidth with peaks at the wavelengths corresponding to
each of the two QWs. A diode laser chip featuring such an aDQW was implemented in a
mode-locked ECDL. The mode-locked optical spectrum clearly shows the double subband
structure. It provides a spectral bandwidth of more than 16 nm at 20 dBc which fulfills the
requirements on the spectral bandwidth. The RF linewidth measured about 6 kHz which
is within the requirements. Therefore, diode laser chips featuring the aDQW epitaxial
layer structure is selected.

Longitudinal design of the diode laser chip: The influence of the length of the saturable absorber
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section as well as the influence of the length of the gain section were investigated. It was
found that 2 mm long diode laser chips with a 100 µm long saturable absorber section
provide the largest spectral bandwidth at 20 dBc and also the highest RF stability.

Facet reflectivity of the diode laser chip: In a last step, the facet reflectivities of the diode laser
chips were investigated. It was shown, that an optimized AR coating is required for the
resonator-side facet, as an insufficiently low AR coating leads to build-up of a parasitic sub-
cavity. A low-reflectivity (5 %) coating of the front facet of the diode laser chip provides
the largest spectral bandwidth while still meeting the RF stability requirement. Thus, an
optimal front facet reflectivity was determined to correspond to 5 %.

A ML-ECDL featuring this optimal laser design was realized in the (macroscopic) laser test
mount. In the following, this ML-ECDL and its performance will be described in detail.

4.3. Influence of the laser operating parameters on the performance
of the best suited device

In this section, the influence of the operating parameters, particularly of the gain section injection
current, will be investigated. To that end, an ML-ECDL featuring the optimal laser design that
was determined in the preceding section was implemented in the laser test mount (Sec. 3.3.1).

The investigations above have shown that the ML-ECDL providing the required spectral
bandwidth consists of a diode laser chip with an aDQW epitaxial layer structure integrated into
an approx. 44 mm long extended cavity, aspheric micro-lenses, and an external mirror with
nearly zero-GVD. The diode laser chip is 2 mm long and features a 100 µm long saturable
absorber and a 1900 µm long gain section. The front facet of the diode laser chip situated
at the absorber section and acting as laser output facet is coated to 5 % reflection, while the
rear facet is AR coated. The optical mode is shaped in the diode laser chip by a 4.8 µm thick
vertical ASLOC structure and a 4 µm wide ridge waveguide. The diode laser chip’s emission
is collimated internally and externally of the laser resonator by means of aspheric micro-lenses
with an effective focal length of 2.0 mm. In the following, this laser will be referred to as aDQW
laser.

In this section, the mode-locking characteristics of the aDQW laser will be discussed. To
provide the largest spectral bandwidth, the test setup was temperature stabilized to 20.0 ◦C and
a reverse voltage of -1.55 V was applied to the saturable absorber section of the aDQW laser. To
investigate the mode-locking, the injection current of the gain section was varied from slightly
below threshold current to the value at which the spectral bandwidth starts to decrease. In the
course of this investigation, the influence of the mount temperature was also studied.

4.3.1. Optical frequency domain characteristics
The optical frequency domain, i.e. spectral, characteristics of the aDQW laser are shown in
Fig. 4.15. The optical spectra of the aDQW laser for increasing and decreasing gain section
injection current are depicted in false-color plots in Figs. 4.15(a) and 4.15(b), respectively.
In Figs. 4.15(a) and 4.15(b), the K D2 transition wavelength (≈ 776.70 nm) and the Rb D2
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transition wavelength (≈ 780.24 nm) are marked for reference. Additionally, the wavelengths
at 20 dBc are highlighted by black dots. The peak wavelength λp, and the spectral bandwidth
∆λ3 at 3 dBc and ∆λ20 at 20 dBc extracted from the optical spectra are shown in Figs. 4.15(c)
and 4.15(d), respectively.

Increasing the gain section injection current shows a lasing threshold of about 225 mA. Mode-
locking is achieved from this lasing threshold up the maximum investigated gain section injection
current setting of 250 mA, see Fig. 4.15. It can be seen that with increasing gain section
injection current, the peak wavelength λp decreases, as expected from the results shown in Fig.
4.6 (Sec. 4.2.4). This relationship is reversed for the maximum gain section injection current
settings. The peak wavelength reaches its minimum value at the gain section injection current
that provides the maximum spectral bandwidth. The results suggest that above a gain section
injection current of about 245 mA, thermal heating dominates over carrier related effects.

At the lasing threshold, a maximum spectral bandwidth ∆λ3 at 3 dBc of about 8.4 nm is
achieved. For higher gain section injection current, ∆λ3 is almost constant at about 1.8 nm. It
can also be seen from the 3 dBc spectral bandwidth, that the spectral band generated by one
of the QWs dominates the optical spectrum. By means of the peak wavelength, this spectral
band is identified as the shorter-wavelength band that is generated by the QW with the lower
As content.

The spectral bandwidth ∆λ20, in contrast, features a minimum at the lasing threshold of
about 13.3 nm. With increasing gain section injection current, ∆λ20 increases until a maximum
of about 16.1 nm is achieved at 245 mA. At the maximum gain section injection current, ∆λ20
decreases due to the strongly decreasing optical power in the longer-wavelength spectral band.
Further, the optical power contained in the longer-wavelength spectral band decreases with
increasing gain section injection current.

When decreasing the gain section injection current, the same spectral characteristics (λp,
∆λ3, ∆λ20) are achieved when increasing the gain section injection current above a gain section
injection current of about 220 mA (lasing threshold for increasing gain section injection cur-
rent). Below a gain section injection current of 220 mA, the peak wavelength jumps to longer
wavelengths by about 6 nm. In this gain section injection current range, the spectral band of
the longer-wavelength QW dominates. With further decreasing gain section injection current,
the peak wavelength decreases by about 0.5 nm. Aside from the value at 225 mA, the spectral
bandwidth ∆λ3 remains nearly constant for the investigated current range. The spectral band-
width ∆λ20 decreases below 225 mA. Between 220 and 215 mA, this decrease corresponds to a
jump of about 3.5 nm. For further decreasing gain section injection current, ∆λ20 increases by
about 0.1 nm/mA.

From the results described above, the ML-ECDL shows a strong hysteresis effect with increas-
ing and decreasing gain section injection current. Where mode-locked operation exists for both
increasing and decreasing gain section injection current, no change in the spectral characteris-
tics can be determined for increasing and decreasing gain section injection current. Mode-locked
operation is maintained down to a gain section injection current of 205 mA.

While the spectral bandwidth requirement is clearly met, it can be seen (Figs. 4.15(a) and
4.15(b)) that the K D2 transition wavelength is outside the 20 dBc limit by at least 2.05 nm.
However, further tuning of the spectrum towards shorter wavelengths by means of the gain
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(a) optical spectrum for increasing IDCI (b) optical spectrum for decreasing IDCI

(c) peak wavelengths extracted from (a) and (b) (d) spectral bandwidths extracted from (a) and (b)

Figure 4.15.: Optical spectra for (a) increasing and (b) decreasing gain section injection current
(IDCI). Extracted from the optical spectra are (c) the peak wavelengths and (d) the spectral
bandwidths ∆λ3 at 3 dBc and ∆λ20 at 20 dBc of the large spectral bandwidth ML-ECDL. In
the optical spectra (a) and (b), the wavelengths at 20 dBc are highlighted in black dots. The
extracted spectral characteristics (λp, ∆λ3, ∆λ20) are depicted for increasing (filled symbols) and
decreasing (empty symbols) gain section injection current. The values of operating parameters
(mount temperature Tmount = 20.0 ◦C and saturable absorber reverse voltage USAB = -1.55 V) were
optimized at a gain section injection current (DCI) of 245 mA to provide the broadest mode-locked
optical spectrum.
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section injection current would be detrimental to the spectral bandwidth. Therefore, a different
tuning actuator is required for further tuning of the optical spectrum.

Another wavelength tuning actuator is the laser temperature which can be tuned via the
mount temperature Tmount [135]. To investigate the temperature dependency of the optical
spectrum of the ML-ECDL, the mount temperature is varied from 16 ◦C to 24 ◦C, see Fig. 4.16.
The corresponding optical spectra are shown in Fig. 4.16(a). For better insight into the spectral
characteristics, the peak wavelengths of the spectral band provided by each QW (QW1 and
QW2, shorter- and longer-wavelength QW, respectively) and the wavelengths (L1, L2, L3, L4)
at which the relative optical power of 20 dBc is achieved are depicted in Fig. 4.16(b). The
spectral bandwidth ∆λ3 of each spectral band (for QW1 and QW2) and the spectral bandwidth
∆λ20 are shown in Fig. 4.16(c). For each temperature, the values of the operating parameters,
i.e. the reverse voltage of the saturable absorber and the gain section injection current, are
optimized to allow for the largest spectral bandwidth, see Tab. 4.13.

First, the dependence of the peak wavelengths on the mount temperature (Fig. 4.16(b)) is
discussed. Almost no change of the peak wavelength λpQW 1 of the shorter-wavelength QW of
the aDQW structure is found for temperatures between 16 ◦C and 22 ◦C. For the last two
temperature settings, to 24 ◦C and 26 ◦C, however, λpQW 1 increases by roughly 0.75 nm/K.
In contrast, the peak wavelength λpQW 2 of the longer-wavelength QW of the aDQW structure
increases monotonically with temperature. Except for the temperature increase from 16 ◦C to
18 ◦C (about 1.3 nm/K), a wavelength shift of at least 0.4 nm/K can be estimated. This results
suggests that the longer-wavelength QW of the aDQW structure features a stronger sensitivity
to temperature variations. This sensitivity may be due to the larger arsenic content of the
longer-wavelength QW compared to the shorter-wavelength QW. A detailed analysis of this is,
however, not within the scope of this thesis.

Second, the overlap of the optical spectrum presented above and the required wavelength range
(from the K D2 transition wavelength, approx. 766.7 nm, to the Rb D2 transition wavelength,
approx. 780.24 nm) is investigated. To that end, the dependence of the wavelengths λ20 at
20 dBc on the mount temperature is analyzed, see Fig. 4.16(a). For the shortest (L1) and
longest (L4) wavelengths λ20, the dependence of the wavelength on the mount temperature is
determined by means of a line fit. This yields a wavelength shift of approximately 0.27 nm/K
and 0.34 nm/K for L1 and L4, respectively. Thus, to allow for L1 to be at 766.7 nm (K D2),
the mount temperature would need to be decreased to 11 ◦C. At this mount temperature, L4
would measure about 780.9 nm. Thus, at a mount temperature of about 11 ◦C, the optical
spectrum would cover the required wavelength range. To verify this, the mount temperature

Table 4.13.: Values of operating parameter of the ML-ECDL for the investigation of the temperature
dependency of the optical spectrum.

parameter parameter value
Tmount/◦C 16.0 18.0 20.0 22.0 24.0 26.0
USAB/V −1.75 −0.95 −1.55 −1.08 −0.67 −0.61
IDCI/mA 226.71 244.86 245.00 250.29 250.80 250.79
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(a) map of optical spectra

(b) peak wavelengths and wavelengths at 20 dBc (c) spectral bandwidths

Figure 4.16.: Dependence of the optical spectrum on the mount temperature. The values of the
operating parameters are listed in Tab. 4.13. These values provide the broadest spectral bandwidth
at 20 dBc for the respective mount temperatures.

needs to be set to 11 ◦C. However, this decrease of the mount temperature is not feasible with
an unpackaged laser due to the risk of condensation. Appropriate packaging is possible, see,
e.g. Ref. [78], but not feasible in this work. To relax the requirements on the packaging, the
As content of the QWs could be adjusted. In particular, reducing the As content of the shorter
wavelength QW should allow for operation at room temperature. This solution would, however,
require growing another wafer with appropriate composition parameters which is not feasible
in this thesis. Therefore, the ML-ECDL that best meets the requirements (see Sec. 1.2.4) is
presented here.

Third, the dependence of the spectral bandwidth on the mount temperature (Fig. 4.16(c)) is
discussed. It can be seen that a maximum spectral bandwidth at 3 dBc of about 2.3 nm and
3.0 nm, respectively, is achieved for the lowest and highest mount temperatures, see Fig. 4.16(b).
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For the intermediate mount temperatures, spectral bandwidths at 3 dBc of less than 2 nm are
reached.

For the spectral bandwidths ∆λ20 at 20 dBc, it can be seen (Fig. 4.16(c)) that a maximum
is achieved at 20 ◦C. For further increasing and further decreasing mount temperatures, ∆λ20
decreases. Nevertheless, a spectral bandwidth ∆λ20 at 20 dBc exceeding 14 nm is achieved across
the whole investigated range of mount temperatures. This is well within the requirements of
more than 13.5 nm, see Sec. 1.2.4.

4.3.2. RF frequency domain characteristics

The RF spectra corresponding to the optical spectra achieved with a mount temperature of
20.0 ◦C and a reverse voltage applied to the saturable absorber of -1.55 V are shown in Fig.
4.17.

To give details on the RF spectrum in a broad frequency range, Fig. 4.17(a) depicts the
RF spectrum corresponding to the broadest optical spectrum. It can be seen that the pulse
repetition rate is about 3.4 GHz and features a SNR of more than 50 dB (limited by the noise
floor of the measurement instrument (combination of fast photodetector, broadband amplifier,
and electrical spectrum analyzer)). Its 8th harmonic (nH) still shows a SNR of about 50 dB
indicating a well modulated pulse train.

(a) RF spectrum for single IDCI (b) map of RF spectra for increasing IDCI

Figure 4.17.: RF spectra recorded simultaneously to the optical spectrum shown Fig. 4.15. (a) The
RF spectrum is depicted for those values of operating parameters that allow for the largest spectral
bandwidth at 20 dBc. (b) The dependence of the RF spectrum on the increasing gain section injection
current IDCI is shown in a false-color plot of the corresponding RF spectra in a narrow frequency
range around the pulse repetition rate (frep ≈ 3.4 GHz). A mount temperature of 20.0 ◦C and a
saturable absorber reverse voltage of -1.55 V were set.

To investigate the dependence of the RF spectrum on increasing gain section injection current,
the RF spectra are depicted in Fig. 4.17(b) in a narrow frequency range around frep = 3.4 GHz.
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The (peak) level indicating the pulse repetition rate is shown in red. It can be seen that
the pulse repetition rate first decreases by roughly 250 kHz/mA with increasing gain section
injection current until a minimum is reached at IDCI = 245 mA. This minimum pulse repetition
rate is reached for the same gain section injection current that allows for the maximum spectral
bandwidth at 20 dBc, see Fig. 4.15. This decrease of the pulse repetition rate could be explained
by the increase of pulse energy which would lead to a decrease of the pulse repetition rate [196].
However, the average optical power is almost constant for increasing the gain section injection
current, as will be shown later in Fig. 4.20. Thus, it is unlikely that the pulse energy is the
source for that behavior. Another approach for an explanation is the fact that increasing gain
section injection current also modifies the gain saturation level [189]. This modification can in
turn lead to changes in the pulse repetition rate. Above 245 mA, the pulse repetition rate starts
to increase again. The overall behavior of the pulse repetition rate with increasing DCI suggests
that it is a combined result of changes of the level of the modal gain [196] as well as changes
of the refractive index due to changed values of the DCI [197]. Further, the change of the gain
section injection current also affects the laser temperature and the peak wavelength which, both,
also change the refractive index [197]. Please note, that the behavior of the pulse repetition rate
with increasing gain section injection current corresponds to that of the peak wavelength of the
optical spectrum, see Sec. 4.3.1. This suggest a dominant influence of the peak wavelength on
the refractive index and, thus, on the pulse repetition rate.

For future optimization of the ML-ECDL, a detailed investigation of the dependency of the
RF spectrum on all values of operating parameters of the ML-ECDL is recommended.

4.3.3. Time domain-based RF characteristics
The dependence of the FN-PSD of the frequency fluctuations of the pulse repetition rate of the
ML-ECDL on increasing gain section injection current is shown in Fig. 4.18.

The FN-PSD is composed of two consecutively recorded measurements to allow for investiga-
tions in broad range of Fourier frequencies. For investigation of the low Fourier frequency range
(10 Hz - 64 kHz, RBW 1 Hz), a 100 s long time trace was recorded with a sampling rate of
160 kHz and an IQ-RBW of 128 kHz . The high Fourier frequency range (100 Hz - 10 MHz,
RBW 100 Hz) was investigated by means of a 500 ms long time that was recorded with a sam-
pling rate of 32 MHz and an IQ-RBW of 25.6 MHz. For the graphical presentation, the RBW
of the FN-PSD was adjusted for each Fourier frequency decade to 10 % of the first frequency of
each Fourier frequency decade, see top axis labeling in Fig. 4.18(a).

At small Fourier frequencies, the FN-PSD features a peak at the power line frequency of
50 Hz and a vibration noise peak around 13 Hz. It can be seen that with increasing gain section
injection current the level of the FN-PSD first slightly increases and later decreases again to
a slightly higher level than the level just above threshold. Nevertheless, the dependence of
FN-PSD on the gain section injection current is not significant.

At Fourier frequencies above approx. 4 MHz, the FN-PSD slightly increases for all investigated
gain section injection current settings. This increase could be a result of the instruments’ white
phase noise floor. This would lead to a quadratic increase in the FN-PSD with increasing
Fourier frequency. However, due the limited single-sided bandwidth (12.8 MHz) available for
the IQ measurements, the instruments’ white phase noise floor could not unambiguously be
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identified as the source of the described behavior of the FN-PSD.
The RF linewidth determined from integrating the FN-PSD (β-separation line method, lower

frequency limit 100 Hz, resulting in a measurement time scale of 10 ms) also follows the behavior
of the FN-PSD at low Fourier frequencies. Below a gain section injection current of 235 mA, the
RF linewidth increases from about 4.6 kHz to around 5.95 kHz. After a jump to around 8.3 kHz
at a gain current of 235 mA, the RF linewidth decreases with further increasing gain section
injection current to around 5.2 kHz. This corresponds to a variation by less than a factor of 2.
The values and behavior of RF linewidth with the gain section injection current could also be
determined from the reconstructed RF spectrum.

(a) FN-PSD (b) RF linewidth and RMS integrated timing jitter

Figure 4.18.: (a) FN-PSDs and (b) RF linewidths and RMS integrated timing jitters of RF spectrum
with pulse repetition rate as carrier, corresponding to RF spectra shown in Fig. 4.17(b) and the
optical spectra depicted in Fig. 4.15. The mount temperature is set to 20.0 ◦C and a reverse voltage
of -1.55 V is applied to the saturable absorber.

As with the RF linewidth, the RMS integrated timing jitter shows little dependence on the gain
section injection current, see Fig. 4.18(b). The RMS integrated timing jitter was determined
by integration of the FN-PSD shown in Fig. 4.18(a). An integration band (IB) of 10 kHz to
10 MHz was chosen. The upper integrating limit is given by the noise floor of the measurement
instruments which can be inferred from the beginning increase of the FN-PSD at around 10 MHz.
From threshold on, the RMS integrated timing jitter increases from about 17 ps to around 23 ps
at a gain section injection current of 235 mA. A further increase of gain section injection current
results in a reduction of timing jitter down to about 18.5 ps.

The behavior of the noise characteristics can be explained by analyzing the optical spectrum,
see Fig. 4.15. Below a gain section injection current of 235 mA, the spectral subbands generated
by each QW overlap. However, the overlap reduces with increasing gain section injection current.
This reduction in overlap can cause a reduction of phase coherence (mode-locking) between the
spectra emitted by each QW. When both subbands split at a gain section injection current of
around 235 mA, the timing jitter increases (negligibly) by a factor of less than 2. For further
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increasing DCI, the RF linewidth and the timing jitter decrease again to about the values
determined just above threshold.

The results presented here indicate that in the range of the gain section injection current
where a strong relative wavelength shift of the spectral subbands occurs, the mode-locking
stability is reduced in terms of lower RF linewidths and RMS integrated timing jitter values.
However, the results also suggest that operation in a regime of strong overlap of the spectral
bands is to be preferred. In this case, a strong phase coherence between all components of
the generated frequency comb is expected. Thus, for future implementation of the ML-ECDL,
further advancement of the employed diode laser chip to feature QW that provide strongly
overlapping spectral bands is suggested. Using the results presented in Sec. 4.2.4, such a
diode laser chip can be realized by, e.g., implementation of an active region with multiple QWs
(NQW >2) that feature a smaller step in As content.

4.3.4. Time domain characteristics

In this section, the pulse width and shape corresponding to the optical spectra (see Fig. 4.15)
achieved with a mount temperature of 20.0 ◦C and a reverse voltage applied to the saturable
absorber of -1.55 V is investigated.

An indication of reduced spectral coherence which led to the reduction of the RF linewidth can
be found by analyzing the temporal shape and width of the mode-locked pulses, see Fig. 4.19.
The typical pulse shape is depicted in Fig. 4.19(a) for those values of the operating parameters
that provide the largest spectral bandwidth, see Fig. 4.15.

(a) pulse shape (b) pulse width and shape

Figure 4.19.: (a) Typical autocorrelation function for those values of operating parameters that
allow for the largest spectral bandwidth at 20 dBc, and (b) pulse widths and TBPs corresponding
to the optical spectra shown in Fig. 4.15.

The autocorrelation function can be described by a sech2 function overlapped with a Lorentzian-
shaped peak. This peak at zero delay suggests spectral incoherence [198]. This coherence spike

96



4.3. Influence of the laser operating parameters on the performance of the best suited device

is present for the complete range of gain section injection current that is investigated for this
laser. In contrast, the sDQW lasers, also investigated in this thesis for their spectral bandwidth,
do not show this feature. This finding suggests that the spectral separation of the QWs of the
aDQW chip is too wide. However, diode laser chips with an asymmetric QW design with a
smaller difference of As content were not available. For future work, a multi-QW (NQW >2)
epitaxial layer structure as discussed in the previous section (Sec. 4.3.3) needs to be considered.

The pulse width was deduced from the full width at half maximum (FWHM) of the sech2-
shaped part of the autocorrelation function. It is found that the pulse width of about 5 ps is
nearly independent of the gain section injection current, see Fig. 4.19(b).

Calculated from the pulse width and the spectral bandwidth at 3 dBc, the TBP of around 5
(except for just above threshold) is well above the Fourier-limit for sech2-shaped pulses (about
0.315). This indicates strongly chirped pulses. Due to the near independence of the pulse width
(Fig. 4.19(b)) and the spectral bandwidth at 3 dBc (Fig. 4.15(d)) of the gain section injection
current, the TBP is also found to be nearly independent of the gain section injection current.

4.3.5. Optical power characteristics

The optical power of the large spectral bandwidth ML-ECDL corresponding to the results shown
above is depicted in Fig. 4.20. For this measurement, a mount temperature of 20.0 ◦C was set
and a reverse voltage of -1.55 V was applied to the saturable absorber. The sudden onset of
lasing and mode-locking at a gain section injection current of about 225 mA is also evident here.
An average optical power of around 28 mW is reached just above threshold. It can be seen that
the average optical power slightly decreases with increasing gain section injection current which
is accompanied by an increase of spectral bandwidth, see Fig. 4.15.

Figure 4.20.: Average and peak optical powers of large spectral bandwidth ML-ECDL, correspond-
ing to the optical spectra shown in Fig. 4.15. A mount temperature of 20.0 ◦C and a saturable
absorber reverse voltage of -1.55 V were set.

A peak optical power of more than 1.3 W (calculated assuming sech2-shaped pulses, see
Fig. 4.19(a)) is achieved. It is found to be almost independent of the gain section injection
current. At that gain section injection current (IDCI = 245 mA) that provides the largest
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spectral bandwidth, ∆λ20 = 16.12 nm, see Fig. 4.15, an average and a peak optical power of
about 25.4 mW and 1.34 W is reached, respectively. Using the mode-locking characteristics
provided by this ML-ECDL, an optical power of about 660 nW can be estimated for those
frequency comb lines at 20 dBc at the shorter-wavelength and longer-wavelength part of the
optical spectrum, respectively, well exceeding the requirement of at least 100 nW, see Sec. 1.2.4.

4.4. Conclusion of the development of the diode laser-based optical
frequency comb

In this chapter, the development of a diode laser-based OFC for the wavelength range centered at
around 773.5 nm was presented. To that end, the dependence of the mode-locking performance
on relevant parameters was analyzed. The optimization focused on determining the optimal
chip design and optimal values for the operating parameters.

First, the dependence of the mode-locking performance on the laser design parameters was
investigated. Here, the optimization focused on the determination of the optimal optical design of
the ML-ECDL including the optimal choice of an external mirror, and the optimal laser resonator
length, as well as the optimal epitaxial layer structure, longitudinal design, and reflectivities of
the facet coatings of the diode laser chip. Mechanical limitations of the ML-ECDL setup were
given by the size of the micro-optial bench into which the developed laser is to be micro-
integrated.

The optical design of the ML-ECDL was developed, showing that single-aspheric micro-lenses
with an effective focal length of 2 mm can be employed for shaping the beam emitted by the diode
laser chip at both the output and the resonator-side facet. A plane external mirror providing
nearly-zero group velocity dispersion can be used as back reflector to minimize temporal pulse
distortion. The investigation of the dependence of the mode-locking performance on the laser
resonator length has shown that a longer resonator provides a larger spectral bandwidth and a
reduced RF noise. Accounting for the aforementioned mechanical limitations, a resonator length
of about 44 mm corresponding to a pulse repetition rate of 3.4 GHz was found to be preferable
for use of the ML-ECDL in the target experiment.

The investigations of the dependence of the mode-locking performance on the epitaxial layer
structure of the diode laser chip were performed. It was verified that the center wavelength of the
mode-locked optical spectrum can be red-shifted by increasing the As content of the quantum
wells. To that end, the modal gain spectrum, the ASE spectrum, and the mode-locked optical
spectrum of diode laser chips featuring an active region with a symmetric double quantum
well with different As content (yQW 1 = yQW 2 = 0.75, 0.78, 0.81, respectively) were compared.
To optimize the spectral bandwidth diode laser chips with an asymmetric double quantum well
structure (yQW 1 = 0.75, yQW 2 = 0.81) were realized. This enabled the modal gain spectrum, the
ASE spectrum, and the mode-locked optical spectrum of this device to be significantly broader
than those of the symmetric double quantum well devices. The resulting mode-locked spectral
bandwidth of about 16 nm well exceeds the requirement of the target application of more than
13 nm. However, the wavelength range of the OFC generated with the aDQW device was found
to be slightly red-shifted compared to the wavelength range required for the target application.
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Suggestions for future improvements of the wavelength range were given.
The dependence of the mode-locking performance on the longitudinal structure of the diode

laser chip was investigated. First, 1 mm and 2 mm long diode laser chips featuring a 100 µm
long saturable absorber section were compared. Second, 2 mm long diode laser with a saturable
absorber section length of 50 µm and 100 µm were compared. It was found that the 2 mm long
diode laser chips with a 100 µm long saturable absorber section provided enhanced mode-locking
performance.

Further, the dependence of the mode-locking performance on the facet reflectivities of the
diode laser chip was investigated. It was shown that the best RF stability could be achieved
with diode laser chips featuring an optimized AR coating of the resonator-side facet. Moreover,
a reflectivity of 5 % of the front facet provides a maximum spectral bandwidth.

Second, the dependence of the mode-locking performance of the device best suited for the target
application on the laser operating parameters, particularly the gain section injection current,
was investigated.

The best suited device provided a spectral bandwidth of more than 16 nm at 20 dBc in
the wavelength range around 773.5 nm. It was shown that the optical spectrum of this device
consists of two spectral bands that strongly overlap just above the threshold gain section injection
current of about 225 mA. Increasing the gain section injection current to a maximum of 250 mA
increases the spectral bandwidth at 20 dBc. The spectral bandwidth at 3 dBc has shown to be
nearly independent of the gain section injection current. Investigation of the dependence of the
optical spectrum on the temperature has shown the 3 dBc and the 20 dBc spectral bandwidth to
be nearly independent of the temperature. A maximum of about 3.2 nm and more than 16 nm
at 3 dBc and 20 dBc, respectively, was achieved at 20.0 ◦C.

The investigation of dependence of the RF spectrum, particularly the pulse repetition rate, of
the best suited device on the gain section injection current was performed. For this analysis, the
resonator length was set to correspond to a pulse repetition rate of about 3.4 GHz. The pulse
repetition rate decreased with increasing gain section injection current up to the gain section
injection current value that provided the maximum spectral bandwidth at 20 dBc.

The investigation of the time domain-based RF characteristics showed the best suited device
provides an FN-PSD that is nearly independent of the gain section injection current. Further,
the FN-PSD features a white noise floor across almost the complete investigated range of Fourier
frequencies. The RF linewidth (full width, β-separation line method) measures less than 6 kHz.
The RMS integrated timing jitter shows values around 20 ps (integration range 10 kHz - 1 MHz).

Further, the best suited device provides sech2-shaped pulses with a width of about 5 ps. The
pulse shape and width were found to be nearly independent of the gain section injection current.
Consequently, the time-bandwidth-product was also found to be nearly independent of the gain
section injection current. This result showed that the pulses generated by the best suited devices
were strongly chirped.

The investigation of the optical power of the best suited device showed that its average and
peak optical power is nearly independent of the gain section injection current. An average power
of more than 25 mW and a peak optical power of more than 1.3 W were achieved. Analysis
revealed that the OFC generated with the best suited device features an optical power in excess

99



4. Development of a diode laser-based optical frequency comb

of 600 nW at 20 dBc. This result exceeded the requirement on the optical power of the comb
lines at 20 dBc.

The results presented here show that only the wavelength range achieved with the ML-ECDL
needs further optimization for future implementation in the application, see Sec. 1.2. Improve-
ment strategies, e.g. adjustment of the As content of the QWs of the aDQW epitaxial layer
structure, were derived. The other requirements on the ML-ECDL (see Sec. 1.2.4) could be
reached or even surpassed. Therefore, the hybrid micro-integration of the developed ML-ECDL
is the next logical step in the development of a space-suitable diode laser-based OFCG.
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The results presented in this chapter were already partially published in Refs. [199, 200].

5.1. Introduction to the micro-integration concept
One important goal of this thesis is the demonstration that the diode laser-based optical fre-
quency comb generator (OFCG) can be hybrid integrated into the micro-integration technology
platform that was being developed within the LASUS project series, see Sec. 1.2. The tech-
nology platform comprises the MIOB into which the laser is hybrid integrated and the heatsink
onto which the MIOB is mounted. For cost reasons, re-design of the CW-ECDL-MIOB and
realization of a dedicated ML-ECDL-MIOB was not an option. Therefore, critical aspects for
hybrid integration of an ML-ECDL and operation of that module were identified and tackled
for the already existing ECDL-type MIOB. In order to prepare for hybrid integration into
the intended MIOB, the predecessor version of the MIOB was employed to develop a suitable
integration concept. In this work, an ML-ECDL is micro-integrated for the first time [199].

In the following, the design of the micro-integration technology platform at the beginning of
this work will be described. The critical issues will be highlighted and approaches to resolve
these issues introduced. First, the development of a hybrid integrated ML-ECDL based on
the most simple approach will be introduced. Then, the next generation, advanced ML-ECDL
module will be presented where lessons learned from that first generation ML-ECDL module
have been accounted for. The developed and advanced integration concepts utilized for each
MIOB will be presented. Furthermore, the mode-locking performance of each module will be
discussed in the course of this chapter.

5.2. First generation ML-ECDL module
In this section, the first generation ML-ECDL module will be introduced. It was realized to
provide a proof-of-concept with the most simple approach. The hybrid integration of this module
was employed to identify critical aspects for hybrid integration of an ML-ECDL. In the following,
the micro-integration technology platform, the integration strategy for the ML-ECDL, and the
mode-locking performance of the ML-ECDL module will be detailed.

5.2.1. The micro-integration technology platform
The micro-integration technology platform employed for hybrid integration of the ML-ECDL has
been developed to cope with the harsh environmental condition of an operation in the ZARM
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drop tower experiments [18, 19]. The wide variety of laser modules realized with this multi-
purpose platform type include narrow linewidth ECDL-type lasers [18, 76], high power MOPA-
type diode lasers [18, 19, 201], and second harmonic generation (SHG)-type laser modules to
access wavelengths not directly accessible by GaAs-based diode lasers [18].

The ECDL-type module for hybrid integration of CW-ECDLs

The micro-integration technology platform was already introduced in Sec. 1.2.3. Here, aspects
essential for the realization of a micro-integrated CW-ECDL laser module will be presented. A
photo of a micro-integrated CW-ECDL module, which is the basis for the development of the
ML-ECDL module, is shown in Fig. 5.1(a). The laser comprises a diode laser chip, aspheric
micro-lenses for collimation, and a VHBG.

The MIOB consists of a 1 mm thick Au-plated AlN substrate with a footprint of 10 × 50 mm2

onto which a second, slightly narrower Au-plated AlN substrate of half the length is adhesively
bonded. The second AlN substrate, which carries the diode laser chip (on a submount) and
the lenses, allows for height compensation in relation to the VHBG which, for separate thermal
control, is placed onto a micro-TEC element. On each side of the MIOB parallel rails made of
AlN with a structured Au plating are mounted. They function as optics rails for mounting micro-
lenses and as bond pads for electrical interconnection. The abovementioned laser components
are directly micro-integrated into the MIOB via adhesive bonding. The lower MIOB is mounted
onto a heat-spreader, the conduction-cooled package (CCP). Along each longitudinal side of the
MIOB, the CCP features seven electrically isolated contact pads onto which electrical pin jacks
are soldered.

Modification of the CW-ECDL module for hybrid integration of an ML-ECDL

The first generation, micro-integrated ML-ECDL module is depicted in Fig. 5.1(b). As a test-
bed, the most simple approach for the MIOB is employed compared to the MIOBs used for the
CW-ECDL (Fig. 5.1(a)).

A single 1 mm thick AlN ceramic with a footprint of 10 × 50 mm2 is used as no height
compensation is required for the external mirror compared to the VHBG of the CW-ECDL.
Short optics rails, only measuring half the length of the MIOB, are integrated. These rails
provide a sufficient number of electrical contact pads.

The electrical interconnection of the diode laser chip is realized in a way similar to how it is
realized for the CW-ECDL. Thus, the requirement for two p-side contacts (saturable absorber
and gain section) is accounted for. The p-side contact of the gain section and the common
n-side contacts are wire-bonded to one side of the MIOB (top in Fig. 5.1(b)) and the p-side
contact of the absorber section to the other side (bottom left in Fig. 5.1(b)). For thermal
control of the whole MIOB, a temperature sensor (Betatherm GA10K3CG679) is integrated. Its
electrical contacts both are wire-bonded to one side of the MIOB (bottom right contact pads in
Fig. 5.1(b)).
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(a) CW-ECDL (b) ML-ECDL

Figure 5.1.: Photo of (a) a CW-ECDL (© FBH/schurian.) and (b) the first ML-ECDL module
micro-integrated into the multi-purpose technology platform.

5.2.2. Integration strategy
The integration strategy employed for the ML-ECDL module is based on the one that was
employed for the CW-ECDL module. Thus, the integration strategy for the CW-ECDL is
briefly introduced first. Then, the integration strategy derived for the ML-ECDL is presented.

Integration strategy for the CW-ECDL

The diode laser chip is soldered p-side up on an AlN submount. This assembly as well as a
temperature sensor (Betatherm GA10K3CG679) are adhesively bonded onto the MIOB. Elec-
trical interconnection is realized via wire bonding between the structured Au-plating on the top
of the optics rails to the p-side contact of the diode laser chip and to the contact panel on the
submount which is connected to the n-side contact of the diode laser chip. The integration of the
diode laser chip is performed by the Mounting & Assembly Department of the FBH. Integration
of the micro-optics (lenses and VHBG) is realized by means of a nano-positioner (Physik In-
strumente (PI) GmbH & Co. KG F-206.S HexAlign™ 6-axis hexapod) featuring a translational
resolution of 0.1 µm and an angular resolution of 2 µrad. The micro-optics are held by vacuum
tweezers during the alignment process. All optics are adhesively bonded to the surface of the
MIOB or of the µTEC by means of a UV-curing glue (Norland NOA88). To that end, the round
aspheric micro-lenses were grinded appropriately. The integration of the ECDL is carried out
as a two step process. In the first step, the ECDL is aligned for minimum threshold current,
and the resonator lens and the VHBG are adhesively bonded directly to the MIOB or to the
µTEC, respectively. In a second step, the output lens is used to collimate the ECDL output
and adhesively bonded in the same way as the resonator lens.
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Integration strategy for the ML-ECDL

The integration strategy for the ML-ECDL includes the integration of the diode laser chip, the
preparation of the external mirror, and the assembly process for the micro-optics (lenses and
external mirror).

Micro-integration of the diode laser chip

The diode laser chip (details to the integrated diode laser chip in Sec. 5.2.3) and a temperature
sensor (Betatherm GA10K3CG679) are integrated into the MIOB using the same strategy that
is used for the CW-ECDL. For establishing the electrical interconnection, the need to provide a
separate electrical contact for the saturable absorber and the gain section is taken into account.
As with the CW-ECDL module, this part of the integration of the ML-ECDL is performed by
the Mounting & Assembly Department of the FBH.

Preparation of the external mirror

The external mirror is adhesively bonded to the MIOB. To avoid large angles between the
bottom of the external mirror and the MIOB, which can lead to strong beam displacement
during curing of the adhesive, the mirror facet is required to be perpendicular to the bottom of
the mirror. To allow for that, a round 1/2" commercial mirror (Layertec 1010851) is grinded to
provide a mirror facet area of 2 × 4 mm2. The thickness of the original mirror is grinded from
6.35 mm to 2 mm providing the micro-mirror with a footprint of about 4 mm2. Consequently,
the AR coating of the mirror’s rear facet is lost. To avoid parasitic reflections from the rear facet,
the micro-mirror’s substrate is cut at an angle of around 1° (front facet surface to rear surface).

Assembly process for the micro-optics

The development of the ML-ECDL has shown that the mode-locking performance of the ML-ECDL
depends strongly on the feedback angle of the external mirror. To take this sensitivity into
account, the optical and RF spectra are monitored during the alignment of the ML-ECDL.
To evaluate the diode laser chip for possible defects before completing the integration of the
ML-ECDL, the laser resonator is fully aligned before integration of the micro-optics. As the
integration robot only allows for integration of a single micro-optic at a time, a temporary
micro-lens (at the laser output) and a temporary micro-mirror are employed. The temporary
micro-lens is adhesively bonded to an AlN ceramic for rough height alignment to the diode laser
chip. To allow for adjustment of the feedback angle, the temporary micro-mirror is mounted
into a mirror mount by means of an adapter. To position the temporary mirror into the optical
axis of the laser and to optimize the resonator length of the ML-ECDL, the mirror mount is
mounted on linear translation stages that are placed next to the integration robot. Further, the
development of the ML-ECDL has shown that the diode laser chip requires a burn-in in mode-
locked operation for reliable large spectral bandwidth operation. To meet these requirements,

1This is a mirror with the same features as the one used in the laser test mount.
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the micro-integration is conducted in the following steps:

1. The CCP carrying the MIOB is mounted onto the integration setup with screws that
are tightened with a torque of 30 cNm. This step is identical to that of the CW-ECDL
modules.

2. To monitor the mode-locking performance during the assembly, the laser output is tem-
porarily collimated by means of the temporary micro-lens. This lens is mounted onto the
integration robot, aligned to collimate the laser output, and placed onto the MIOB.

3. The intra-cavity micro-lens is mounted onto the integration robot and positioned to colli-
mate the resonator-side output of the diode laser chip by minimizing the beam diameter
in a distance of more than three times the Rayleigh range (Rayleigh range ≈ 20 cm). In
this step, the intra-cavity micro-lens is not yet adhesively bonded to the MIOB.

4. Then, the temporary micro-mirror is employed to fully align the ML-ECDL.

5. After alignment of the ML-ECDL, the burn-in is performed. Afterwards, the laser is
realigned.

6. After burn-in, the intra-cavity lens is adhesively bonded to the MIOB. Beam displacement
as a result of glue shrinkage during UV-curing can be compensated for by re-alignment of
the temporary micro-mirror.

7. To finish the micro-lenses’ micro-integration, the temporary micro-lens at the laser output
is removed. The micro-lens that is intended for micro-integration is mounted onto the
integration robot and the laser output collimated. Then, this micro-lens is adhesively
bonded to the MIOB.

8. In the last step, the temporary external mirror is removed. The micro-mirror that is
intended for micro-integration is mounted onto the integration robot. After alignment
of the ML-ECDL, the adhesive is applied to the mirror’s bottom surface. In a first test
run for curing of the adhesive, asymmetric glue shrinkage occurred that led to beam
displacement which even stopped laser oscillation. Thus, integration of the micro-mirror
in an approach similar to that applied for the VHBG is not possible. Best results are
achieved by stepwise curing of the adhesive and realignment of the laser resonator. Here,
the adhesive is cured for a very short (less than 1 s) time, the UV illumination stopped,
and the mirror realigned. Further, the values of the operating parameters are adjusted to
those values that provide the largest spectral bandwidth. These steps are repeated until
no further beam displacement can be (indirectly) observed in either the optical or the RF
spectrum during UV illumination. About ten iterations amounting to less than 10 s are
required. Following this, the adhesive is UV illuminated twice for 10 min for complete
curing.

With the micro-integration of the external mirror, the assembly process for the mode-locked
ECDL is completed. In the subsequent section, the mode-locking performance of this very first
micro-integrated mode-locked ECDL module is investigated.
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5.2.3. Mode-locking performance

The micro-integration strategy for the ML-ECDL was developed in parallel to the ML-ECDL
itself. Thus, for the first realization of an ML-ECDL module, the at the time best suited device
was micro-integrated. For this first micro-integrated ML-ECDL module, a 1000 µm long diode
laser chip with a 100 µm long saturable absorber section was employed. The diode laser chip
featured an sDQW(780) epitaxial layer structure designed for emission around 780 nm (see, e.g.,
Sec. 4.2.4). In the vertical direction, a 4.8 µm thick AlGaAs-based waveguide provided a vertical
beam divergence angle of about 19° (full width at 1/e2 intensity). In the lateral direction, a
4 µm wide ridge waveguide provided a lateral beam divergence angle of about 12° (full width at
1/e2 intensity). The front facet of the diode laser chip was coated to 10 % reflection, while the
resonator-side facet was AR coated.

The mode-locking performance of the micro-integrated ML-ECDL was analyzed (i) before
micro-integration of the external mirror (pre-mirror integration) but with the external mirror
mounted on the integration robot, (ii) with the fully micro-integrated module mounted on the
integration setup, and (iii) after micro-integration with the module mounted in the measurement
setup (see Fig. 3.3). For measurement situations (i) and (ii) the optical power, and the optical
and RF spectrum could be investigated. For measurement situation (iii), the pulse width and
shape could also be analyzed as the laser module was mounted in the measurement setup of
which the autocorrelator is a part. The values of the operating parameters that allow for the
largest spectral bandwidth for each analysis step (i, ii, iii) are summarized in Tab. 5.1.

Table 5.1.: Values of the operating parameters of the first ML-ECDL module that provide the
largest spectral bandwidth before integration of the external mirror (pre-mirror integration), on the
integration setup, and on the measurement setup, respectively.

measurement situation operating parameters
TMIOB/◦C USAB/V IDCI/mA

(i) pre-mirror integration 20.00 -0.60 180.00
(ii) integration setup 20.00 -3.60 237.59

(iii) measurement setup 18.05 -0.50 300.00

Comparing the values of the operating parameters for the ML-ECDL before (measurement
situation (i)) and after the micro-integration (measurement situation (ii)) of the external mirror
shows that different values of the operating parameters provide the largest spectral bandwidth.
The reason for that is the alignment of the ML-ECDL that was partially lost during curing of
the adhesive for the external mirror. However, mode-locking could partially be re-established by
adjusting the values of the operating parameters. Please note that the module was not removed
from the integration setup between completion of the integration and these measurements.

The optical spectra before (grey, measurement situation (i)) and after (red, measurement
situation (ii)) micro-integration of the external mirror are shown in Fig. 5.2 and the extracted
spectral parameters are summarized in Tab. 5.2. Before micro-integration of the external mirror,
a peak wavelength about 789.9 nm, and a spectral bandwidths of about 3.1 nm and 5.2 nm at
3 dBc and 20 dBc level, respectively, were observed. Thus, this micro-integrated ML-ECDL
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module can reproduce the spectral characteristics observed for a similar ML-ECDL mounted
in the laser test mount, see, e.g., Tabs. 4.7 and 4.10. Comparing the spectral bandwidths in
measurement situations (i) and (ii), it can be seen that the peak wavelength remained at about
789 nm during curing of the adhesive for the external mirror. However, the spectral bandwidth
after completing the hybrid integration was reduced by about 27 % at 3 dBc and about 16 % at
20 dBc to 2.2 nm and 4.4 nm, respectively, compared to before the mirror integration. Further,
the average optical power of the laser was reduced by about 16 % from about 95.2 mW to
80.2 mW. This is attributed to the mis-alignment of the laser resonator. Please note that the
RF linewidth was not recorded directly before micro-integration of the mirror as the module
could not be sufficiently housed because of the need for the integration robot to hold the external
mirror. This lack of housing resulted in a strong RMS integrated timing jitter due to air flow
in the laboratory. An evaluation of such a measurement does not give an insight on the actual
module performance and was hence omitted.

Figure 5.2.: Optical spectra of the first ML-ECDL module (grey) before micro-integration of the
external mirror (pre-mirror integration, measurement situation (i)), (red) with the fully micro-
integrated module still mounted on the integration setup (measurement situation (ii)), and (blue)
after micro-integration and moving of the module to the measurement setup (measurement situation
(iii)).

Table 5.2.: Peak wavelengths λp, and spectral bandwidths ∆λ3 at 3 dBc and ∆λ20 at 20 dBc,
respectively, extracted from optical spectra of the first ML-ECDL module shown in Fig. 5.2.

measurement situation spectral characteristics
λp/nm ∆λ3/nm ∆λ20/nm

(i) pre-mirror integration 788.86 3.07 5.23
(ii) integration setup 788.66 2.24 4.40

(iii) measurement setup 791.07 2.09 3.33

These results show that the curing process employed for the external mirror (step 8 of the
assembly process) allowed only partial recovery of the mode-locked operation with large spectral
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bandwidth. Thus, further improvement of the micro-integration concept of the external mirror
was required.

After investigation of the influence of the adhesive bonding process for the external mirror
on the mode-locking performance, the laser module’s mode-locking performance was further
analyzed. To that end, the fully completed ML-ECDL module was moved from the integration
robot (measurement situation (ii)) to the measurement setup (measurement situation (iii)).
However, mounting the MIOB in nominally the same way onto the measurement setup as on
the integration setup (step 1 of assembly process, Sec. 5.2.2) resulted in such an angular beam
displacement that no laser operation could be detected at all. Mode-locked operation could
partially be recovered as follows.

The angular beam displacement can be attributed to the mechanical stability of the micro-
integrated laser resonator that is insufficient for an ML-ECDL. This insufficient mechanical
stability results in a deformation of the MIOB when mounted on the measurement setup as
described above. This was then used to partially re-align the ML-ECDL by applying appropriate
torques to the screws that deform the MIOB accordingly. In conjunction, the values of the
operating parameters that provide the largest spectral bandwidth needed to be adjusted, see
Tab. 5.1. However, the mode-locked performance recorded on the integration setup could not
be fully re-established.

Next, the optical spectrum of the ML-ECDL module is compared for measurement situations
(ii) and (iii). Both optical spectra are shown in Fig. 5.2. It can be seen that the peak wavelength
achieved for measurement situation (iii) is shifted by about 2 nm to longer wavelengths relative to
the optical spectrum recorded for measurement situation (ii). Further, the spectral bandwidths
at 3 dBc and at 20 dBc are reduced by about 7 % to about 2.0 nm and by about 24 % to
about 3.3 nm, respectively, for measurement situation (iii) compared to measurement situation
(ii). These differences in the optical spectra can be attributed, on the one hand, to an only
partially compensated beam displacement and, on the other hand, to different optimal values of
the operating parameters for measurement situations (ii) and (iii).

After hybrid integration of the ML-ECDL was completed, the RF characteristics could be
investigated as the laser module could be sufficiently covered to shield it from air flow in the
laboratory. The pulse repetition rate of about 3.4 GHz is increased by about 1 MHz (approx-
imately 0.03 %) for measurement situation (iii) compared to measurement situation (ii), see
Fig. 5.3. The RF noise characteristics of the pulse repetition rate recored for measurement
situations (ii) and (iii) are similar. This is shown with the RF spectra depicted in Fig. 5.3. The
spectra were reconstructed from IQ data that were recorded with a sampling rate of 32 MHz, a
bandwidth of 25.6 MHz, and a time record length of 500 ms. For the RF spectra, the IQ data
records were split into overlapping time slices of 10 ms length, the RF spectra reconstructed,
and averaged (see Sec. 3.4.3). The RF linewidths were determined by means of Lorentzian fits
from the RF spectra reconstructed from IQ records. Similar RF linewidths were achieved for
measurement situations (ii) and (iii), about 170 Hz and about 380 Hz, respectively. These RF
linewidths are similar to the RF linewidths observed for similar ML-ECDLs mounted in the
laser test mount, see, e.g., Tabs. 4.7 and 4.10. This finding shows that the RF stability is not
compromised by the modification of the operating parameters introduced by mechanical stress.
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Figure 5.3.: RF spectra of the first ML-ECDL module around the pulse repetition frequency. The
spectra are reconstructed from IQ data for measurement situations (ii) (red, module on integration
setup) and (iii) (blue, module on measurement setup), respectively. The spectra were reconstructed
from IQ data that were recorded with a sampling rate of 32 MHz, a bandwidth of 25.6 MHz, and a
time record length of 500 ms. For the RF spectra, the IQ data records were split into overlapping
time slices of 10 ms length, the RF spectra reconstructed, and averaged.

The reported differences observed between measurements carried out on the integration work
place and on the measurement setup also include a strong reduction of the average optical power.
Additional to the 16 % reduction of optical power determined between measurement situations
(i) and (ii), further reduction of optical power occurs for measurement situation (iii) compared
to measurement situation (ii). This reduction amounts to 20 %, from 80.2 mW to 64.3 mW.
This reduction can be attributed to insufficient re-alignment of the laser resonator.

As the pulse shape and width could not be investigated on the integration setup, they will be
described in the following for the measurement setup. Sech2-shaped pulses with a width of about
6.6 ps could be determined resulting in an optical peak power of approximately 2.5 W. With
a slightly longer pulse width and a resulting lower optical peak power, the results determined
from the micro-integrated ML-ECDL module differ slightly from those determined from a similar
ML-ECDL on the test mount, see, e.g., Tab. 4.7.

5.2.4. Conclusions from the first generation micro-integrated ML-ECDL

The results achieved with the very first micro-integrated ML-ECDL module have shown that
such a laser can be micro-integrated successfully. The ML-ECDL module shows a similar mode-
locking performance as a similar ML-ECDL investigated in the laser test mount (see Tab. 4.7).
Nevertheless, several critical points of the micro-integration concept and the module itself have
been identified.

For successful deployment of a micro-integrated ML-ECDL module, however, these challenges
need to be overcome. In the subsequent section, an ML-ECDL integrated on an advanced MIOB
will be presented.
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5.3. Advanced ML-ECDL module
The advancement of the micro-integrated ML-ECDL presented in this section is based on the
advancement of the MIOB for micro-integration of CW-ECDLs [77], see photo in Fig. 1.6. In
the following the advanced MIOB which will be employed for integration of the ML-ECDL will
be described. The advanced micro-integration concept will be discussed and the mode-locking
performance of the resulting ML-ECDL module will be presented.

5.3.1. The micro-integration technology platform
The advanced micro-integration technology platform is specifically designed for ECDL- or MOPA-
type lasers, see Sec. 1.2.3. This advanced platform comprises the MIOB and a heatsink. In this
work, the ECDL-type module is used for hybrid integration of the ML-ECDL. Details of the
advanced platform with the MIOB employed for the CW-ECDL and the modification of that
MIOB for implementation of the ML-ECDL will be discussed in the following.

The advanced ECDL-type MIOB for hybrid integration of CW-ECDLs

In contrast to the MIOB introduced in the previous section (Sec. 5.2), the advanced MIOB
consists of multi-layer stacked lithographically structured AlN ceramics, see Fig. 5.4. This
MIOB has a footprint of 25 × 80 mm2. The multi-layer structure of the MIOB allows for highly
compact integration and wire-bonding. Its ceramic base plate is 4 mm thick to provide high
mechanical stiffness. The MIOB features an electric interface (DC port 1) for the diode laser
chip’s gain section injection current, an electrical interface for RF modulation of the injection
current, temperature sensors (T sensors), and temperature control of a VHBG by means of
a micro-TEC (µTEC) onto which the VHBG is adhesively bonded. The multi-layer stacked
AlN ceramics provide parallel rails that offer the means for compact electrical interfacing as
well as hybrid integration of micro-lenses. In the following, the channel formed by these rails
will be called optics channel. Typically, rotational symmetric micro-lenses are employed for
beam-shaping of the diode laser chip’s output.

The electric interface allows for use of RF capable connectors and cables. The electrical
interface for RF modulation of the injection current features an RF and a DC port (DC port 2).
The DC port 2 is implemented with a conic inductor (red cone above the µisolator in Fig. 5.4)
providing a low pass filter with a cut-off frequency of 1 MHz. Electrical interfacing between
the diode laser chip and the electrical interface of the MIOB is realized by wire-bonding. The
distance between the conducting paths on the rails of the optics channel and the submount onto
which the diode laser chip is mounted measures just a few hundred micrometers to minimize the
length of the wire-bonds.

An optical micro-isolator (grey cylinder in cut-out to the left of ECDL mark in Fig. 5.4,
µisolator) is hybrid integrated into the module to protect the diode laser from external optical
feedback. Further, a fiber-coupler for the laser output (towards the left-hand side, in Fig. 5.4)
can be micro-integrated onto the large Au surface of the MIOB on the left of the µisolator.

To enhance the mechanical stiffness of the MIOB, the MIOB is attached to a phosphorus
bronze (CuSn8) heatsink. The 6 mm thick heatsink has a footprint of 42 × 98 mm2. The
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Figure 5.4.: Photo of an advanced CW-ECDL module (© FBH/schurian). The module’s laser
output is to the left-hand side. T - temperature, µTEC - micro-TEC, µisolator - optical micro-
isolator.

heatsink consists of the mounting area for the MIOB (center, MIOB area) and areas (mounting
area) along the short sides of the MIOB that feature boreholes for screws to mount the heatsink
to a setup, e.g. the integration setup. The MIOB is attached to the heatsink at three points
(line contacts) to reduce mechanical strain, at two points on one long side of the MIOB and at
one on the other with a torque of 10 cNm and 20 cNm, respectively. A torque of 30 cNm is
applied to the screws that fix the heatsink to a setup.

The laser module can be housed to protect the laser from the environment. The housing walls
along the long sides of the module are RF capable electrical interface boards (one is shown in
Fig. 5.4 at the top of the photo). The housing walls on the short sides of the MIOB and the
lid are Al boards (not shown in Fig. 5.4). The Al housing walls feature boreholes to allow
free-space output of the laser emission. All housing walls are directly attached to the heatsink.

Modification of the advanced ECDL-type MIOB for hybrid integration of the ML-ECDL

For hybrid integration of the advanced ML-ECDL, the advanced ECDL-type module (Fig. 5.4)
is used. A fully micro-integrated ML-ECDL is shown in Fig. 5.5. Here, the general modifications
of the advanced ECDL-type MIOB for hybrid integration of the ML-ECDL will be discussed.
Details will be given in the subsequent section of this chapter.

For current injection into the gain section and for application of a reverse bias voltage to the
saturable absorber, the DC and RF capable electrical interfaces of the ECDL-type MIOB are
used, respectively. To allow for use of very short wire-bonds, an AlN bondpad was employed.
Details will be discussed in Sec. 5.3.2.

The µTEC, that was implemented into the CW-ECDL module for temperature control of the
VHBG (see Fig. 5.4), was omitted during production of the MIOB. This provides the means
for implementation of an advanced assembly process for the external mirror, see Sec. 5.3.2. The
MIOB thus allows for optical resonator lengths from 23 mm to 45 mm including a safety margin
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Figure 5.5.: Photo of the advanced ML-ECDL module. The ML-ECDL is micro-integrated into an
advanced ECDL-type MIOB. The MIOB is mounted on its heatsink.

of a few millimeters between the edge of the MIOB and the external mirror.
For this proof-of-concept module, the hybrid integration of the optical µisolator (see Fig. 5.4)

was omitted.

5.3.2. Integration strategy

The integration strategy of the CW-ECDL is in parts adopted and in parts modified to suit
the requirements of an ML-ECDL. In the following, the integration strategy of a CW-ECDL
is discussed and the implemented modifications of the integration strategy of an ML-ECDL are
introduced.

Integration strategy of the CW-ECDL

The integration strategy of the CW-ECDL is similar to the aforementioned integration strategy
of the CW-ECDL discussed as preparation for the first micro-integrated ML-ECDL module.
The diode laser chip and a temperature sensor are soldered onto a structured submount with
a footprint of 2 × 2 mm2. The submount is then adhesively bonded onto the MIOB between
parallel rails formed by the multi-layer stacked AlN ceramics.

Electrical interfacing between the diode laser chip and the electrical interface of the MIOB
is realized by wire-bonding. The p-side contact is realized by wire-bonding from the p-side of
the diode laser chip to the conducting path of the DC port 1 or the RF modulation interface.
The n-side contact is realized by wire-bonding from the structured submount to a lower layer
of the multi-layer AlN ceramic that is electrically interfaced to both, the DC port 1 and the RF
modulation interface.

The narrow optics channel enables adhesive bonding of the rotational symmetric micro-lenses
employed for beam shaping of the diode laser chip’s output to the optics rails on both sides of
the lenses. Thus, beam displacement through glue shrinkage during curing can be minimized.
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The integration strategy of the VHBG for the advanced MIOB is the same as for the simple
MIOB introduced in Sec. 5.2.2 - the VHBG is adhesively bonded directly to the surface of the
µTEC.

Integration strategy of the ML-ECDL

Integration of the diode laser chip

The diode laser chip of the ML-ECDL module (details on the integrated diode laser chip in
Sec. 5.3.3) is integrated in the same way as the diode laser chip of the CW-ECDL module.
However, an electrical interface is required for the ML-ECDL that supports access to both, the
gain section and the saturable absorber section of the diode laser chip. A schematic of the bond-
ing scheme is depicted in Fig. 5.6(b) and a photo of the area containing the micro-integrated
diode laser chip is shown in Fig. 5.6(a). A common n-side contact is realized by wire-bonding
(pink lines in Fig. 5.6(b)) to the AlN ceramic which provides a common outer contact for the
electrical interface ports for the diode laser chip. The p-side contact of the saturable absorber
section is realized via DC port 1 of the MIOB. The p-side contact of the gain section is realized
by the DC port (DC port 2) of the RF modulation interface of the MIOB which features a
conic inductor. To allow for very short wire-bonds, a bondpad is implemented for this electrical
interface. The bondpad is made of an AlN ceramic with a Au-plated top layer. It is adhesively
bonded on top of the electrical interface of DC port 1 and DC port 2. Thus, the p-side contact
of the gain section is first wire-bonded to the bondpad. Then, wire-bonds from the bondpad
to the conducting path of DC port 2 connect the p-side contact of the gain section to DC port 2.

(a) (b)

Figure 5.6.: (a) Detail photo and (b) schematic of the area of the advanced ML-ECDL module that
contains the diode laser chip. The pink box in (a) highlights the section of the integrated diode laser
chip and associated wire-bonds. For better visualization, the schematic in (b) shows the wire-bonds
of the diode laser chip to the MIOB.
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5. Micro-integration of the diode laser-based optical frequency comb generator

Integration of the micro-lenses

The micro-lenses’ micro-integration concept has been advanced for this generation of ECDL-type
MIOBs to minimize beam misalignment. To this end, the round aspheric lenses are appropri-
ately grinded so that they can be adhesively bonded between the rails on either side, see Fig.
5.6(a). To that end, the round aspheric micro-lenses have been precision grinded on three sides
to allow them to fit into the optics channel and provide minimal gaps for adhesive bonding. The
procedure has been adopted from the CW-ECDL modules. The alignment procedure described
for assembly of the first ML-ECDL module has also been employed here.

Integration of the external mirror

The external mirror’s micro-integration concept has completely been revised as adhesive bonding
directly to the MIOB has shown to cause strong beam misalignment due to glue shrinkage during
curing, see Sec. 5.2. To allow for adhesive bonding of the external mirror to the advanced
MIOB without beam misalignement during curing, a gap-free integration strategy has been
implemented as follows.

Figs. 5.7(a) and 5.7(b) show the technical implementation and a photo of the fully inte-
grated mirror assembly, respectively. The plane mirror used for the first ML-ECDL module (see
Fig. 5.2) is replaced by a mirror assembly consisting of a micro-mirror, a spherical cap and a
ring with flat sides. The external mirror is provided by grinding a mirror of the same type used
throughout this work (Layertec 101085) to feature a mirror surface of 4 × 3.3 mm2 on a 2 mm
thick substrate. This external mirror is adhesively bonded to a 1 mm thick spherical cap that
is grinded from a precision sphere with 5 mm diameter. This assembly is placed into an 800 µm
thick sapphire ring that provides the base layer of the mirror assembly. The ring features a
conical cut-out with an outer diameter of 3.6 mm and a cylindrical center cut-out with a dia-
meter of 2.6 mm. Thus, the spherical cap carrying the external mirror is held by the conical
surface without touching the MIOB surface beneath the sapphire ring. The gap only measures
approx. 40 µm. The integration strategy of a micro-mirror has been developed within another
project for MIOBs that feature conic cut-outs [78] and advanced within this work to be used for
the integration of an arbitrary micro-mirror on a flat MIOB as the one that was employed here.

The assembly procedure

The assembly procedure for the second generation MIOB can be divided into three steps.

1. The first step covers the preparation of the MIOB. Here, the diode laser chip which is
mounted on a structured submount is micro-integrated into the MIOB. An additional
temperature sensor is micro-integrated into the MIOB. Finally, electrical interfacing is
realized via wire-bonding. This step is facilitated by the Mounting & Assembly Department
of the FBH.

2. The second step consists of the preparation of the mirror assembly. Here, the mirror is
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(a) schematic (b) photo

Figure 5.7.: (a) Schematic and (b) photo of the mirror assembly consisting of a sapphire ring, a
spherical cap, and a dielectric mirror. In the photo, the mirror, that is attached to the spherical cap,
is held by a vacuum tweezer and placed into the sapphire ring for alignment of the laser resonator
of the ML-ECDL.

adhesively bonded to the spherical cap.

3. The third step includes the integration of the micro-optics into the MIOB. The following
steps correspond to the micro-integration concept that was successfully developed for the
first ML-ECDL module and include the integration of the mirror assembly into the MIOB.

a) First, the MIOB is mounted onto its heatsink which in turn is then mounted onto
the integration setup. Pre-defined torques (see Sec. 5.3.1) are applied to the screws.

b) Second, the laser output is collimated by means of the temporary micro-lens (see
micro-lens on the left-hand side of the diode laser chip in Fig. 5.6(a)).

c) Third, the laser resonator is aligned. To that end, the resonator-side micro-lens is
mounted on the integration robot and the temporary external mirror is held in place
by the external adapter mount. During alignment, the optical and the RF spectra
are monitored.

d) Then, the laser is burned in in mode-locked operation. Afterwards, the laser align-
ment is reviewed via measurement of the optical and the RF spectra.

e) Afterwards, the intra-cavity lens is adhesively bonded to the optics rails.
f) In the next step, the temporary output collimation micro-lens is replaced by the

lens intended for micro-integration. The laser output is re-collimated and the lens
adhesively bonded to the optics rails.

g) The final step is the micro-integration of the external mirror. To that end, the mirror
assembly is picked up by a vacuum tweezer that is held by the integration robot.

115



5. Micro-integration of the diode laser-based optical frequency comb generator

Then, the laser is re-aligned to emit the largest optical spectrum, with the position
of the mirror along the resonator axis selected so that a repetition rate of 3.4 GHz
is achieved. Then, the sapphire ring is placed onto the MIOB, the mirror assembly
is placed into it, and the laser is re-aligned. The sapphire ring is first adhesively
bonded to the MIOB. Without need for re-alignment, the mirror assembly is gap-free
adhesively bonded to the sapphire ring.

A photo of the advanced fully micro-integrated ML-ECDL is shown in Fig. 5.5.

5.3.3. Mode-locking performance

For this advanced micro-integrated ML-ECDL module, the diode laser chip design investigated
in this work that is best suited to provide a large spectral bandwidth diode laser based OFC is
employed. This design was investigated in detail in Sec. 4.3. Here, a diode laser chip from the
same bar as the one implemented in the laser test mount introduced in Sec. 4.3 is used. The
diode laser chip is 2.0 mm long and features a 100 µm long saturable absorber section. The
epitaxial layer structure is realized as an asymmetric double quantum well (aDQW) structure
that is optimized for large spectral bandwidth emission in the wavelength range around 773 nm.
A combination of a 4 µm wide ridge waveguide and a 4.8 µm wide vertical waveguide provides an
almost round fundamental optical mode that can be collimated by a single rotational symmetric
micro-lens. The front facet of the diode laser chip is coated to 5 % reflectivity while the rear
facet (intra-cavity) is anti-reflection coated to avoid formation of parasitic sub-cavities.

Validation of the integration concept for the external mirror

The optical spectrum of the micro-integrated ML-ECDL module was observed during curing of
the adhesive for the external mirror to validate the mirror assembly concept. The values of the
operating parameters that provide the largest spectral bandwidth at 20 dBc before and after
curing are listed in Tab. 5.3. The corresponding optical spectra are depicted in Fig. 5.8 and
the spectral characteristics (peak wavelengths λp, and spectral bandwidths ∆λ3 at 3 dBc and
∆λ20 at 20 dBc) extracted from those spectra are summarized in Tab. 5.4. The optical spectra
were measured before and after integration of the external mirror as well as after optimization
of the values of the operating parameters with respect to the spectral bandwidth at 20 dBc.
The details are discussed in the following.

Table 5.3.: Values of operating parameters of advanced ML-ECDL module during the process of
curing the adhesive for the external mirror.

mount values of operating parameters
TMIOB/◦C USAB/V IDCI/mA

before completing of hybrid integration 20.0 -0.99 244.0
after completing of hybrid integration 20.0 -0.99 244.0

after optimization of values of operating parameters 20.0 -1.22 250.0
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Figure 5.8.: Optical spectra of the advanced ML-ECDL module (grey) before and (red) after hybrid
integration of the external mirror, and (blue) after optimization of the values of operating parameters
of the completed advanced ML-ECDL module.

Table 5.4.: Peak wavelengths λp, and spectral bandwidths ∆λ3 at 3 dBc and ∆λ20 at 20 dBc,
respectively, extracted from optical spectra of the advanced ML-ECDL module shown in Fig. 5.8.

measurement situation spectral characteristics
λp/nm ∆λ3/nm ∆λ20/nm

before completion of hybrid integration of external mirror 774.46 11.86 16.07
after completion of hybrid integration of external mirror 781.30 8.33 14.32
after optimization of operating parameter values 770.56 1.34 15.85

It can be seen that the shapes of the optical spectra before and directly after completing the
hybrid integration of the laser module, and after optimization of the values of the operating
parameters differ strongly from each other. Nevertheless, the optical spectra cover nearly the
same spectral range within the 20 dBc level. Before micro-integration, the optical spectrum
shows three strongly overlapping spectral bands centered around 770 nm, 774 nm and 781 nm,
respectively. As nominally identical diode laser chips (from same laser bar) are used in the
module and in the laser test mount, a spectral shape featuring only two spectral bands centered
around 770 nm and 781 nm, respectively, (see, e.g., Fig. 4.15) is expected. An optical spectrum
featuring three spectral bands has not been observed before. Thus, the different shape of the
optical spectrum reported here suggests differences between the modal gain spectrum of the
diode laser chip that was integrated into the module and the one that was investigated in the
laser test mount (Fig. 4.15). These differences in the modal gain spectra may be a result of
accidental local variation in epitaxial growth of the diode laser chip, see, e.g. the variations of
the spectral shape achieved by variation of the As content in the QWs (Fig. 4.4). Another
possible explanation may be that different strain was introduced into the active region of the
diode laser chip during assembly of the diode laser chip into the laser module. Evaluation of
the mode-locked performance achievable with the diode laser chip before integration into a laser
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module would allow for selection of the best suited diode laser chip. It would also allow for
investigation of possible changes of the properties of the diode laser chip, e.g. introduction of
addition strain, that could occur during integration. Thus, for future ML-ECDL modules, the
mode-locking performance of the diode laser chip intended for integration should be analyzed
before integration.

Completion of the hybrid integration of the laser module results in further changes of the opti-
cal spectrum. Comparing the spectral shape before and after completing the hybrid integration
shows that the shortest wavelength spectral band of the optical spectrum recorded before com-
pletion has disappeared. The optical spectrum recorded after completion is slightly shifted to
longer wavelengths by about 1 nm compared to that recorded before completion. After optimiza-
tion of the values of the operating parameters, the shape of the optical spectrum changed again.
At this point, the optical spectrum consists of two spectral bands centered around 770 nm and
781 nm, respectively. This spectral shape is similar to those recorded for similar lasers mounted
in the laser test mount, see Sec. 4.3. Such a similar spectral shape is expected for nominal
identical diode laser chips when the largest spectral bandwidth was achieved by optimizing the
values of the operating parameters. The investigations concerning optical spectrum achieved
with the first generation laser module (Sec. 5.2.3) suggest that misalignment of the laser res-
onator of the ML-ECDL during UV-curing of the external mirror is the cause of the different
optical spectra recorded before and after completing the hybrid integration. Optimization of the
values of the operating parameters for a maximum spectral bandwidth at 20 dBc allows for only
partial recovery of the shape of the optical spectrum achieved before completion of hybrid inte-
gration. A detailed investigation of the cause for the difference in spectral shape, however, was
beyond the scope of this work. Future investigations should include a more detailed theoretical
analysis of the mode-locked regime for further development.

In the following, the variation of the peak wavelength along the integration process is dis-
cussed. It can be seen (Fig. 5.8 and Tab. 5.4) that the peak wavelengths of the optical spectra
before (≈ 774.46 nm) and after (≈ 781.30 nm) completion of the hybrid integration, and after
optimization of the values of the operating parameters (≈ 770.56 nm) are strongly shifted in
wavelength. These shifts are a consequence of strong modifications of the shape of the optical
spectra. As mentioned before, the wavelength range covered at the 20 dBc level remains nearly
unchanged.

Due to the strong modifications of the shape of the optical spectra, the spectral bandwidth
∆λ3 at 3 dBc differs strongly between the three characterizations. Before completion of the
hybrid integration, the spectral bandwidth at 3 dBc measures about 11.9 nm, see Fig. 5.8
and Tab. 5.4. This is a record value for the lasers investigated in this thesis. This value is a
result of the shape of the optical spectrum before completion of the hybrid integration where all
three spectral bands feature similar peak powers. After completion of the hybrid integration,
the shorter wavelength spectral band observed before completion disappeared. This leads to a
reduction of spectral bandwidth at 3 dBc by about 30 %. This reduction is similar to what
was observed for the first generation module, see Sec. 5.2.3. The modification of the optical
spectrum during optimization of the values of the operating parameters leads to a further loss of
spectral bandwidth at 3 dBc by about 84 %. This is due to the strongly reduced optical power
of the longer-wavelength spectral band and the complete loss of the center spectral band.
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In contrast to the spectral bandwidth at 3 dBc, the spectral bandwidth at 20 dBc remains
almost constant, see Fig. 5.8 and Tab. 5.4. Comparing the spectral bandwidth at 20 dBc
before and after completing the hybrid integration, a reduction of spectral bandwidth of less
than 11 % from around 16.1 nm to about 14.3 nm is observed. This is similar to the reduction
observed for the first generation module (about 16 %). In contrast to the first generation module,
the spectral bandwidth at 20 dBc could be increased again by about 10 % by optimizing the
values of the operating parameters. Thus, an overall reduction of the spectral bandwidth at
20 dBc of only about 1.4 % was found. The reason for these slight modifications are the slight
modifications of the optical spectra at 20 dBc.

Thus, the overall spectral characteristic of the ML-ECDL mounted in the laser test mount
(Sec. 4.3) could be reproduced with the advanced ML-ECDL module. While modifications
occurred in the optical spectrum of the ML-ECDL module during integration of the external
mirror, the most important spectral characteristic, the spectral bandwidth at 20 dBc, remained
well above the requirement of this work, see Sec. 1.2.4. Although further analysis of the micro-
integration concept of the external mirror is required, the results discussed highlight the success
of the advancement of the micro-integration concept, in particular that of the external mirror.

Mode-locking performance of the advanced ML-ECDL module after completing the hybrid
integration

In the following, the mode-locking performance of the advanced ML-ECDL module is inves-
tigated after completing the hybrid integration, i.e. (i) before and (ii) after the module was
moved from the integration setup to the measurement setup, and (iii) after optimization of the
torque applied to the screws that hold the module on the measurement setup. For measurement
situations (i) and (ii), the module is mounted to the respective setup with the same mounting
procedure - a torque of 30 cNm is applied to all four screws fixing the module to the setup. For
each of these situations, the values of the operating parameters were optimized for maximum
spectral bandwidth, see Tab. 5.5. The focus of the investigations presented here is on the optical
spectrum.

Table 5.5.: Values of operating parameters of advanced ML-ECDL module before and after moving
the module from the integration setup to the measurement setup, and after optimization of the
torque applied to the screws that fasten the module to the measurement setup. MS - measurement
setup.

measurement situation values of operating parameters
TMIOB/◦C USAB/V IDCI/mA

(i) integration setup 20.0 -0.99 218 - 250
(ii) measurement setup (MS) 20.0 -1.22 170 - 250
(iii) MS after torque optimization 22.4 -2.40 230 - 280 - 235

First, the mode-locking performance of the advanced ML-ECDL module is investigated in
measurement situation (i). Here, the ML-ECDL is still mounted on the integration setup after
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completing the hybrid integration. The optical spectrum and the extracted spectral bandwidths
at 3 dBc and 20 dBc, respectively, are shown in Fig. 5.9 for increasing and decreasing gain section
injection current (IDCI). It can be seen that the ML-ECDL module has a lasing threshold of
about 221 mA. For lower gain section injection current of about 221 mA - 237 mA, the laser
emits dominantly from the longer-wavelength QW at around 780 nm. The spectral bandwidths
at 3 dBc and 20 dBc measure about 1.5 nm and 5.5 nm, respectively. For gain section injection
currents of 238 mA - 250 mA (maximum IDCI), the optical spectrum shows emission from both
QW. In this current range, maximum spectral bandwidths of up to about 12 nm at 3 dBc and
about 16 nm at 20 dBc were achieved. The peak wavelength of around 771 nm in this current
range is dominated by the shorter-wavelength QW. A strong hysteresis is found as (a) similar
spectral characteristics can be determined for increasing and decreasing gain section injection
current above approx. 205 mA and (b) mode-locked operation extends below that current for
further decreasing DCI. This indicates strong mode-locking. Similar spectral characteristics
could be achieved for a nominally identical ML-ECDL mounted on the test setup (Sec. 4.3,
Fig. 4.15). These results highlight the successful implementation of the advanced integration
strategy.

(a) optical spectra (b) spectral bandwidths

Figure 5.9.: (a) Optical spectra and (b) extracted spectral bandwidths at 3 dBc (blue circles)
and 20 dBc (red stars) of the advanced ML-ECDL module mounted on the integration setup (mea-
surement situation (i)) for increasing (filled symbols) and decreasing (empty symbols) gain section
injection current (IDCI). The peak wavelengths of the optical spectra are highlighted in (a).

Second, the mode-locking performance of the advanced ML-ECDL module is investigated in
measurement situation (ii). Here, the ML-ECDL is moved from the integration setup to the
measurement setup (see Fig. 3.3). The screws fixing the module to the setup are tightened by
applying the same torque (30 cNm) as with measurement situation (i). The optical spectrum
and extracted spectral bandwidths at 3 dBc and 20 dBc, respectively, are shown in Fig. 5.10
for increasing and decreasing gain section injection current (IDCI).
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(a) optical spectra (b) spectral bandwidths

Figure 5.10.: (a) Optical spectra and (b) extracted spectral bandwidths at 3 dBc (blue circles)
and 20 dBc (red stars) of the advanced ML-ECDL module mounted on the measurement setup
(measurement situation (ii)) for increasing (filled symbols) and decreasing (empty symbols) gain
section injection current (IDCI). The peak wavelengths of the optical spectra are highlighted in (a).
For better comparison with measurement situation (i), the y-axes of both Figs. are kept constant.

It can be seen that the laser emits only from the longer-wavelength QW. The lasing threshold
is at about 195 mA, about 25 mA less than recorded in measurement situation (i). The peak
wavelength increases from about 780 nm to about 785 nm with increasing gain section injection
current due to thermal heating of the diode laser chip. The spectral bandwidths at 3 dBc and
20 dBc measure about 1.5 nm and 3 nm, respectively. Similar to measurement situation (i), a
strong hysteresis is found. Comparing these results with those determined for the measurement
situation (i) shows that either the laser is defect, the values of the operating parameters were
modified or the laser resonator of the ML-ECDL was misaligned by changing the setup onto
which the module is mounted. Adjustment of the values of the operating parameters did not
restore large spectral bandwidth, mode-locked operation. However, similar effects due to mis-
alignment of the laser resonator have been observed with the first ML-ECDL module (Sec. 5.2).
That misalignment was attributed to insufficient mechanical stiffness of the first module. The
fact that, in contrast to the first ML-ECDL module, the laser still starts laser operation after
being moved to the measurement setup, is an indication of an improved mechanical stiffness of
the module. Nevertheless, similar to the first ML-ECDL module, the mode-locking performance
of the laser in measurement situation (i) should be at least partially restorable.

To test the hypothesis of insufficient mechanical stiffness, the torque applied to the screws
that fix the module to the setup (at the front and back of the heatsink along the short side
of the module, see Fig. 5.4) was modified. The best results have been achieved by combined
torque adjustment (40 cNm and 5 cNm for front and back screws, respectively) and adjustment
of the values of the operating parameters.
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Thus, third, the mode-locking performance of the advanced ML-ECDL module is investigated
in measurement situation (iii). Here, the ML-ECDL was mounted on the measurement setup
and the torque applied to the screws that fix the module to the setup was adjusted. The
optical spectrum and the extracted spectral bandwidths at 3 dBc and 20 dBc, respectively, are
shown in Fig. 5.11 for increasing and decreasing gain section injection current (IDCI). It can
be seen in Fig. 5.10(a)), that the peak wavelength of the optical spectrum is determined by
the shorter-wavelength part of the optical spectrum. Further, just above the lasing threshold
at about 259 mA, a large spectral bandwidth at 20 dBc of more than 10 nm could achieved.
For increasing gain section injection current, the relative optical power of the longer-wavelength
part of the optical spectrum strongly decreases. For gain section injection currents exceeding
268 mA, the optical spectrum is dominated by the shorter-wavelength QW. In that current
range, the spectral bandwidth at 20 dBc measures less than 6 nm. The spectral bandwidth at
3 dBc, in contrast, remains nearly constant at about 1.5 nm for increasing gain section injection
current. For decreasing gain section injection current, similar spectral characteristics can be
determined and a hysteresis similar to measurement situations (i) and (ii) can be observed. For
decreasing gain section injection current, the current range with a large spectral bandwidth at
20 dBc of more than 10 nm spans nearly 20 mA (≈ 250 mA - 268 mA). A maximum spectral
bandwidth of about 11 nm can be determined. Due to a strong spectral overlap of the longer-
wavelength and the shorter-wavelength spectral band of the optical spectrum at a gain section
injection current of around 250 mA, the spectral bandwidth at 3 dBc exceeds 6 nm. For gain
section injection currents below 250 mA, the optical spectrum is dominated by a single spectral
band and the spectral bandwidths at 3 dBc and 20 dBc decrease. These results show that by
means of combined adjustment of the torque applied to the screws that fix the module to the
measurement setup and of the values of the operating parameters, the spectral characteristics
of measurement situation (i) could partially be restored.

After analysis of the influence of the mounting parameters on the optical spectrum of the
ML-ECDL, the RF linewidth, the optical power, and the pulse width and shape will be discussed
in the following to complete the information about the ML-ECDL module.

First, the RF linewidth is discussed. The RF linewidth was determined by a Lorentzian fit of
the RF spectrum centered around the pulse repetition rate. The RF spectrum was reconstructed
from 500 ms long IQ time traces that were recorded with a sampling rate of 32 MHz and an
IQ bandwidth of 25.6 MHz. Fig. 5.12 depicts the RF linewidths determined in measurement
situations (i), (ii) and (iii).

It can be seen that in measurement situation (i), the ML-ECDL module provides an RF
linewidth of about 10 kHz when the laser operates with a large spectral bandwidth (gain section
injection current range of 238 mA - 250 mA), see Fig. 5.9. The fluctuations in RF linewidth
might be attributed to temperature fluctuations of the diode laser chip due to air flow on
the integration setup which could not be housed sufficiently. Due to these fluctuations, the
dependence of the RF linewidth on decreasing gain section injection current was not investigated.
Nevertheless, the results of measurement situation (i) show that the ML-ECDL module fulfills
the RF linewidth requirements stated in Sec. 1.2.4.

For measurement situation (ii), RF linewidths below 10 kHz can be determined. This mea-
surement situation, however, features only a small spectral bandwidth, see Fig. 5.10, which is
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(a) optical spectra (b) spectral bandwidths

Figure 5.11.: (a) Optical spectra and (b) extracted spectral bandwidths at 3 dBc (blue circles)
and 20 dBc (red stars) of the advanced ML-ECDL module mounted on the measurement setup with
adjusted torque (measurement situation (iii)) for increasing (filled symbols) and decreasing (empty
symbols) gain section injection current (IDCI). The peak wavelength of the optical spectrum is
highlighted in (a). For better comparison with measurement situations (i) and (ii), the y-axes of
both Figs. are kept constant.

Figure 5.12.: RF linewidths determined by a Lorentzian fit of the RF spectra reconstructed from
IQ data recorded for the advanced ML-ECDL module when still mounted on the integration setup
(black boxes), mounted on the measurement setup (MS) with same mounting procedure (red circles),
and with the torque used to fixed the MIOB’s heatsink on the measurement setup adjusted (blue
triangles). The RF spectra were reconstructed from IQ data that have been recorded with a sampling
rate of 32 MHz, a bandwidth of 25.6 MHz, and a time record length of 500 ms. For the RF spectra, the
IQ data records were split into overlapping time slices of 10 ms length, the RF spectra reconstructed,
and averaged.
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5. Micro-integration of the diode laser-based optical frequency comb generator

a result of misalignment of the laser resonator of the ML-ECDL module. Thus, this is not a
desirable measurement situation. Therefore, the dependence of the RF linewidth on decreasing
gain section injection current was not investigated here.

In measurement situation (iii), the large spectral bandwidth mode-locking determined for
measurement situation (i) could be partially restored, see Fig. 5.11. The corresponding RF
linewidth is less than 10 kHz, see Fig. 5.12. In this measurement situation, in contrast to
measurement situation (i), the ML-ECDL module was completely housed and shielded from air
flow. Thus, only small fluctuations of the RF linewidth compared to measurement situation (i)
were detected with increasing or decreasing gain section injection current.

Second, the optical power determined in measurement situation (i), (ii), and (iii) is discussed.
The average optical power is depicted in Fig. 5.13 for all three measurement situations. The pink
boxes highlight the respective range of DCI that provides a large spectral bandwidth (> 10 nm
at 20 dBc). In measurement situation (i), an optical power of up to 40 mW is achieved for
large spectral bandwidth, mode-locked operation. In measurement situation (ii), an average
optical power exceeding 60 mW could be achieved. However, this measurement situation was
determined to be undesirable due to misalignment of the laser resonator of the ML-ECDL
module. In measurement situation (iii), in which the mode-locked operation of measurement
situation (i) could be partially restored, an average optical power of more than 25 mW could be
achieved in that gain section injection current range that provided a large spectral bandwidth.
The reduced optical power of this measurement situation compared to measurement situation (i)
can be attributed to only partial restoring of the alignment of the laser resonator in measurement
situation (i). Please also note that measurement situation (i) and (iii) feature different values
of operating parameters.

Figure 5.13.: Average optical power of the advanced ML-ECDL module in measurement situations
(i) on integration setup, (ii) on measurement setup (MS), and (iii) on MS after torque adjustment.
The pink boxes highlight the respective range of gain section injection currents that provides a large
spectral bandwidth (> 10 nm at 20 dBc).

To complete the information about the mode-locking performance on the ML-ECDL module
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in measurement situation (iii), the pulse shape and width is discussed2. For those gain section
injection currents that provide large spectral bandwidths, mode-locked operation, the ML-ECDL
module emits sech2-shaped pulses with a width of around 5 ps. Those pulses feature a TBP
of around 4. Thus, the pulse width and the TBP of a nominally identical ML-ECDL mounted
on the laser test mount, see Sec. 4.3, could be reproduced in the micro-integrated ML-ECDL
module. Further, a similar average optical power of about 25 mW could be achieved for those
values of the operating parameters, that provide the largest spectral bandwidth. Consequently,
a similar pulse peak power of around 1.4 W can be determined for the ML-ECDL on the test
mount and its micro-integrated version.

5.3.4. Conclusion from the advanced ML-ECDL module

In this section, successful hybrid integration of an advanced ML-ECDL module was presented.
For its realization, the advanced micro-integration technology platform that was originally de-
veloped at FBH for CW-ECDL-type lasers was used. Advancements of the module such as RF
suitable cables and an integrated electrical interface, as well as a housing to shield the module
from airflow were successfully employed. The electrical interface was modified to allow for imple-
mentation of separate electrical contacts for both, the saturable absorber and the gain section,
with minimal bond-wire length.

Further, an advanced integration strategy that was developed based on the results of the
first ML-ECDL module presented in the previous section (Sec. 5.2) was successfully imple-
mented. Problems of the micro-integration concept identified with the first ML-ECDL module
were solved:

• Misalignment of optical components caused by shrinkage of the adhesive during UV-curing
was avoided by bonding the micro-lenses symmetrically on the two grinded sides.

• Misalignment-free micro-integration of the external mirror is realized by gap-free adhesive
bonding the external miror to the MIOB by means of a sapphire ring and a spherical cap.

It was shown that the ML-ECDL module provided mode-locking performance characteristics
on the integration setup similar to those determined with a nominally identical ML-ECDL on
the test setup (Sec. 4.3). However, insufficient mechanical stiffness of the module when moving
it from the integration setup to the measurement setup resulted in a partial loss of mode-locking
performance, particularly in spectral bandwidth at 20 dBc, due to beam misalignment. The large
spectral bandwidth, mode-locked operation could partially be restored by combined adjustment
of the torque applied to the screws that fix the module to the measurement setup and of the
values of the operating parameters.

2The pulse shape and width could only be determined for the ML-ECDL module mounted on the measurement
setup.
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5.4. Conclusion from micro-integration of a diode laser-based optical
frequency comb generator

In this chapter, the successful hybrid integration of an ML-ECDL was demonstrated for the
first time. Within the limits pre-set for the development of the micro-integrated module, a
designated module for an ML-ECDL could, for cost-reasons, not be developed. Thus, the most
simple approach based on a multi-purpose micro-integration technology platform developed
at FBH was employed to identify critical aspects of the hybrid integration. An integration
strategy was developed to solve those problems. Successful implementation of that advanced
integration strategy was demonstrated with an advanced micro-integration technology platform
that was developed at FBH for CW-ECDLs. The advanced module body was modified to
allow for separate electrical contacts of both, the saturable absorber and gain section, and for
misalignment-free hybrid integration of the external mirror of the ML-ECDL.

The mode-locking performance of both, the first and the advanced, module was investigated
and compared to that determined for nominally identical ML-ECDLs mounted in the test setup
(Chap. 4). The advanced integration strategy allowed for similar mode-locking performance
characteristics in the respective comparison. This result highlights the success of the hybrid
integration of the ML-ECDL developed in this work.

Further, the mechanical stiffness of the laser module was identified as a critical aspect in the
advanced ML-ECDL module. In a future development step, this issue needs to be addressed by
mechanically decoupling the MIOB from its heatsink by means of, e.g., adhesively bonding the
MIOB to the heatsink with a frame made of sufficiently elastic material in-between that allows
for compensation of mechanical stress.
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6.1. Introduction to stabilization of the pulse repetition rate
For the implementation of the ML-ECDL in a system that compares two optical frequencies,
that are within the spectral bandwidth of the ML-ECDL’s optical spectrum, control of the pulse
repetition rate is necessary. Fluctuations of the repetition frequency (timing noise) can readily
be reduced by electrical modulation of the saturable absorber bias voltage with a frequency
corresponding to the pulse repetition rate, see Sec. 2.3. Further, avoiding this indirect control
by means of an RF oscillator and directly employing one of the ML-ECDL’s (operating) param-
eters as an actuator for frequency control of the pulse repetition rate would be advantageous.
Stabilization of the pulse repetition rate of linear extended cavity lasers is typically realized by
employing the physical resonator length as an actuator [202, 203]. However, as the mode-locked
ECDL is to be micro-integrated with no moving parts, that option is excluded. The remaining
operating parameters are (i) the gain section injection current, (ii) the reverse voltage applied
to the saturable absorber, and (iii) the module’s temperature. Taking into account the utilized
micro-integration platforms, the laser temperature (here the mount/MIOB temperature) can
only be used as slow (<1 Hz) actuator to compensate for slow frequency drifts. In contrast, the
saturable absorber reverse voltage and the gain section injection current can, in principle, be
used to implement fast (up to GHz) and large bandwidth actuators, as demonstrated by hybrid
mode-locking [204].

In the course of this work, the influence of the gain section injection current on the pulse
repetition rate was investigated in detail, see Sec. 4.3.2. The gain section injection current was
identified as possible actuator with a tuning rate of approximately 250 kHz/mA for the pulse
repetition rate. Here, a feedback stabilization scheme using the gain section injection current as
actuator will be exploited to investigate the stabilization of the pulse repetition rate. To that end,
the experimental setup will be described and the mode-locking performance of a free-running
and a stabilized ML-ECDL comparatively discussed. For a consistent presentation of the mode-
locking performance of the ML-ECDL in this work, the comparison of the RF stability of the
free-running and the stabilized ML-ECDL will be done by discussing the respective FN-PSDs.

6.2. Experimental setup
In the following, the principle of the control setup is discussed first. Then, the implementation
of the experimental setup is described. Finally, the experimental setup is characterized.
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Principle setup

The goal of the work discussed here is the demonstration of stabilization of the pulse repetition
rate using the gain section injection current. Complex loop filters and modulation circuits will
be avoided. Here, the phase of the pulse repetition rate will be compared and stabilized to the
phase of an RF reference signal. The detection of the phase and the subsequent control of the
pulse repetition rate effectively implements an integrator. To that end, the output of a phase
detector [205] is used to generate an error signal which is then directly employed as control
signal in an active stabilization scheme. To simplify the superimposition of this control signal
with the gain section injection current in this demonstrator setup, the current controller (ILX
LDC-3724C, DCIctrl) is used. This controller features a modulation input (MODin) that readily
provides a means for superimposing a control signal onto the gain section injection current with
a bandwidth of 1 MHz. In parallel to this control loop, simultaneous monitoring of the mode-
locking performance during stabilization of the pulse repetition rate is carried out.

Implementation of the stabilization setup

The stabilization setup is depicted in Fig. 6.1. For implementation of the stabilization setup
the part of the measurement setup (meas. setup, Fig. 3.3) employed for the analysis of the
RF mode-locking characteristics (box in Fig. 6.1) was modified to include the feedback loop.
To allow for simultaneous monitoring of the autocorrelation function, the first mirror after
the ML-ECDL in the measurement setup (Fig. 3.3) was exchanged for a beam splitter (BS,
Newport 20RQ00UB.2). The optical spectrum and the average optical power path were left
unchanged. The resulting setup allows for stabilization of the pulse repetition rate and simul-
taneous monitoring of the mode-locking performance. Please note that the stabilization scheme
was implemented with an ML-ECDL mounted in the laser test mount (Fig. 3.2) which is not
optimized for this purpose. The use of the ML-ECDL module presented in Sec. 5.3 was not
possible as the integrated electronic circuit for the gain section injection current comprises an
RF choke.

In this setup, the phase of the pulse repetition rate is compared and stabilized relative to the
phase of an RF reference signal. For detection of this phase difference, the phase detector of a
phase-/frequency-detector (PFD) module (PFD, see Ref. [205]) is utilized.

First, the input signal to the reference port (ref) of the PFD is discussed. That port requires a
signal with a frequency of 320 MHz and an RF power of of (-3 ± 1) dBm. This signal is provided
by an ultra-low noise microwave signal generator (SG2, Agilent E8257D, BW 250 kHz - 50 GHz,
f = 320 MHz, A = -3 dBm). All employed signal generators and analyzers were referenced to
a common 10 MHz reference, in this case provided by GPS.

Second, the part of the demonstrator setup concerning the pulse repetition rate (signal under
test) is discussed. The signal port (sig) of the PFD is the input port for the signal under test.
The port requires an input signal with a frequency between 5 MHz and 800 MHz at a level of
(7.6 ± 6) dBm. In this work, the phase detector’s output signal will be directly employed as
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Figure 6.1.: Experimental setup for stabilization of the pulse repetition rate. The components and
their corresponding abbreviations are explained in the text.

control signal. Thus, an (initial) input frequency at the signal port (sig) of the PFD similar
to the input frequency at the reference port (ref) of the PFD, i.e. 320 MHz, is required. To
down-convert the pulse repetition rate of about 3.4 GHz to 320 MHz, the following setup is
used.

The optical pulse train generated by the ML-ECDL is converted into a corresponding pulsed
electrical signal using a fast photodetector (PD, Newport 1004), see Sec. 3.3.2. Before inserting
that electrical signal into a frequency mixer (MXR, MiniCircuits ZX05-30W-S+, BW 300 MHz -
4 GHz, ARF = 0 dBm, ALO = 7 dBm) for down-conversion, the electrical signal is amplified by
a chain of amplifiers (AMP1, Centellax TA0L50VA; AMP2, each twice: MiniCircuits ZJL-7G+
and ZX60-14012L-S+). Then, a low pass filter (LPF1, MiniCircuits VLP-54, BW DC - 4 GHz)
eliminates high frequency (noise) components of the pulsed electrical signal. Henceforth, that
electrical signal will be called pulse repetition rate signal. A 3 dB attenuator is then used
to adjust the RF power of the pulse repetition rate signal to the required input power of the
MXR. By means of the MXR and an ultra-low noise microwave signal generator (SG1, Agilent
E8257D, BW 250 kHz - 20 GHz, f = 3.08 GHz, A = 7 dBm) the pulse repetition rate signal is
down-converted to the input frequency required for the sig input of the PFD (fsig = 320 MHz).
A low pass filter (LPF2, MiniCircuits SLP-600+, BW DC - 580 MHz) eliminates higher har-
monics and residual high frequency components. To allow for simultaneous stabilization and
monitoring of the pulse repetition rate signal, the down-converted pulse repetition rate signal
is amplified (AMP3, MiniCircuits ZFL-500HLN+) and directed through a directional coupler
(CPL, MiniCircuits ZFDC-10-1). The coupled path is directed to the electrical spectrum ana-
lyzer (EXA, Rohde & Schwarz FSV-30, 10 kHz - 30 GHz) for monitoring of the RF spectrum
of the ML-ECDL. The transmitted path is then used as input signal for the sig input port of
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the phase detector of the PFD which provides the error signal that is also used as the control
signal. The electrical power of the transmitted path is adjusted to the required electrical input
power of the sig port of 7.6 dBm.

The error signal is observed on an oscilloscope (OSZI, Agilent DSO-X 3024A) using one of the
three identical outputs of the phase detector of the PFD (C1). From a second output (C2) of the
PFD, the error signal is used as control signal and directly fed back to the gain section injection
current by superimposing the error signal onto the DC current through the modulation input
(MODin) of the current controller (DCIctrl, ILX LDC-3724C). Impedance matching is realized
with a 50 Ω resistor that is also attached to the MODin of the current controller by means of
a BNC T-adapter. To allow for large bandwidth modulation, the output mode of the current
controller is changed to high bandwidth mode (option IHBW, BW DC - 1 MHz) and the low
noise filter (ILX LNF-320, see Sec. 3.3.2) in between the current source and the laser is removed.
For optimization of the stabilization of the pulse repetition rate, the swept RF spectrum of the
ML-ECDL is monitored with the electrical spectrum analyzer (EXA, Rohde & Schwarz FSV-
30, 10 kHz - 30 GHz, see Sec. 3.4.2) that is employed throughout this work. The achieved
servo bandwidth detected in the monitored stabilized RF spectrum is optimized by adjusting
the amplitude of the control signal fed into MODin. The best result is achieved with 10 dB
attenuator inserted between the PFD phase detector output and MODin. For detailed analysis
of the stabilized pulse repetition rate, the frequency noise PSD (FN-PSD) of the frequency
fluctuations of the pulse repetition rate of the ML-ECDL is analyzed. The results will be
discussed in Sec. 6.3.

Characterization of the experimental setup

In order to evaluate the results of the stabilization of the pulse repetition rate, the stabilization
setup and the corresponding measurement setup need to be characterized.

As part of the characterization of the stabilization setup, the transfer factor Ftrans that translates
the measured phase difference into a change of the pulse repetition rate is estimated. To that end,
the transfer factors of the three components (PFD incl. 10 dB attenuator, current controller,
and ML-ECDL) are determined.

The transfer factor of the phase detector of the PFD is measured as follows. SG3 is directly
connected to the signal input of the PFD. Then, the frequency of SG3 is increased by 1 kHz
relative to the frequency of SG2. By this means, the corresponding voltage shift per phase shift
is determined by means of an oscilloscope (OSZI). The resulting transfer factor FP F D at the
output of the 10 dB attenuator corresponds to approximately 0.16 V/rad. Please note that the
transfer function of the phase detector of the PFD is constant up to about 1 MHz [205].

The transfer factor Ft of the current controller from voltage to current is specified to 50 mA/V.
The bandwidth of the modulation input of the current controller is specified to 1 MHz.

The transfer factor Flas of the ML-ECDL from current to pulse repetition rate was measured
to be about 250 kHz/mA, see Sec. 4.3.2.

Thus, the resulting transfer factor Ftrans is determined to be about 2 · 106 Hz/rad.
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The electronic circuit that is employed to prepare the RF signal provided by the ML-ECDL
for the signal input (sig) of the PFD is investigated at tap1. The corresponding RF signal
which allows for monitoring of the RF spectrum of the ML-ECDL is investigated at tap2. For
those measurements, the optical components of the stabilization setup, ML-ECDL to PD in the
stabilization setup (Fig. 6.1), are omitted. That part of the setup is replaced by an ultra-low
noise signal generator (SG3, Agilent E8257D, BW 250 kHz - 20 GHz) to synthesize an RF signal
with a frequency of 3.4 GHz and an RF power of -40 dBm. That RF power is chosen as it
provides an RF power of 0 dBm at the frequency mixer MXR and, thus, corresponds to the RF
power provided by the corresponding RF signal of the ML-ECDL at the frequency mixer MXR.
The FN-PSDs at tap1 and tap2 are characterized to investigate the influence of the electronic
circuit on the FN-PSD of the RF signal of the ML-ECDL. The measurements are performed
with the IQ measurement tool provided by the EXA.

The results of the characterization of the experimental setup will be shown and discussed together
with the results of the stabilization of the pulse repetition rate in the subsequent section.

6.3. Results

The ML-ECDL chosen to investigate the pulse repetition rate stabilization capabilities is the
ML-ECDL that is best suited to fulfill the requirements of the application, see Sec. 4.3. The
ML-ECDL is mounted on the test setup. The values of the operating parameters are set as
follows. The mount temperature is set to 20.0 ◦C. A reverse voltage of -1.55V is applied to the
saturable absorber. The gain section injection current is set to 226 mA. A detailed analysis of
the mode-locking performance of the free-running ML-ECDL can be found in Sec. 4.3.

6.3.1. RF characteristics

The RF spectra and the PSDs of the frequency fluctuations of the pulse repetition rate that are
derived from IQ records are depicted in Fig. 6.2. In the low frequency range (10 Hz - 64 kHz,
RBW 1 Hz), the FN-PSDs are determined from 10 s long time records that were acquired with
a sampling rate of 160 kHz and an IQ bandwidth of 128 kHz. With those datasets, the RF
spectra are also reconstructed. In the high frequency range (1 kHz - 10 MHz, RBW 100 Hz),
the FN-PSDs are determined from 500 ms long time records with a sampling rate of 32 MHz
and an IQ bandwidth of 25.6 MHz. In the representation of the FN-PSDs, the RBW of each
frequency decade is set to 1/100 of the upper cut-off frequency of each decade which allows for
reduction of statistical uncertainty.

First, the RF spectra of the free-running and the stabilized ML-ECDL are investigated. It can
be seen in Fig. 6.2(a) that the stabilization of the pulse repetition rate reduces its linewidth by
a factor of at least 3400 from around 4.76 kHz for the 3 dBc free-running pulse repetition rate
to at most 1.4 Hz (resolution limited, RBW 1 Hz) for the stabilized one. Further details can be
derived from the FN-PSD of both, the free-running and the stabilized ML-ECDL.
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(a) RF spectrum (b) FN-PSD

Figure 6.2.: (a) RF spectra with a center frequency corresponding to the pulse repetition rate frep

and (b) FN-PSDs of the frequency fluctuations of the pulse repetition rate frep for a stabilized and
free-running ML-ECDL. Fig. (b) also depicts the FN-PSD derived for the signal generators SG1,
SG2, and SG3 employed in the stabilization setup as well as reference measurements at tap1 and
tap2. The signal generators were operated at those settings used in the stabilization setup - SG1:
7 dBm at 3.08 GHz, SG2: -3 dBm at 320 MHz, SG3: -40 dBm at 3.4 GHz.

Second, the FN-PSDs of the free-running and the stabilized ML-ECDL are investigated, see
Fig. 6.2(b). The FN-PSD representing the free-running ML-ECDL features a white noise floor
of about 1.5 · 103 Hz2/Hz across almost the complete depicted frequency range. For Fourier
frequencies above 1 MHz, the measurement is limited by the noise floor of the measurement
setup. The characterization of the experimental setup for the stabilization, discussed below,
indicates that the noise of the photodetector (PD) dominates in this frequency range. Thus, the
FN-PSD for Fourier frequencies above 1 MHz is omitted from the graph.

In the following, the behavior of the FN-PSD corresponding to the stabilized pulse repetition
rate is discussed in detail. It can be seen that for Fourier frequencies below about 80 kHz, the
suppression of the FN-PSD of the stabilized ML-ECDL increases by two orders of magnitude
per frequency decade towards smaller Fourier frequencies. This is the expected behavior of a
control loop with a single integrator. The servo bandwidth of the stabilization loop is deter-
mined at that Fourier frequency at which the FN-PSD of the stabilized ML-ECDL is suppressed
by 3 dB compared to the FN-PSD of the free-running ML-ECDL. Thus, a servo bandwidth
of about 72 kHz can be estimated. For Fourier frequencies between 80 kHz and 400 kHz, the
frequency noise of the stabilized ML-ECDL is amplified compared to the frequency noise of the
free-running ML-ECDL. This so-called servo bump features a maximum FN-PSD at a Fourier
frequencies of around 130 kHz. Comparison of the FN-PSD and the β-separation line [164]
suggests that the RF spectrum is essentially Lorentzian shaped and features a δ-like peak at the
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pulse repetition rate. Thus, on the investigated time scales, the RF spectrum is coherent. Hence,
the RF linewidth of about 1.4 Hz that was determined from the reconstructed RF spectrum of
the stabilized ML-ECDL provides an upper limit.

For Fourier frequencies below 100 Hz, the FN-PSD of the stabilized ML-ECDL shows an
increase of noise. To investigate the source of this noise, the experimental setup is investigated.

To that end, the noise of the electronic circuit that is employed to down-convert the RF
signal provided by the photodetector (PD) is analyzed at tap1 and tap2. The employed signal
generators are set to provide the values of frequency (fSG1 = 3.08 GHz, fSG2 = 320 MHz,
fSG3 = 3.4 GHz) and RF power (ASG1 = 7 dBm, ASG2 = -3 dBm, ASG3 = -40 dBm) described
in Sec. 6.2. The FN-PSDs derived for the RF signals at tap1 and tap2 are depicted in Fig.
6.2(b). Comparing the determined FN-PSDs with the specifications of the electrical spectrum
analyzer [206] shows that all these measurements are detection limited. However, the level of
the determined FN-PSDs is below that of the FN-PSD of the stabilized ML-ECDL. Thus, no
conclusion concerning the source of the increased noise of the stabilized ML-ECDL for Fourier
frequencies below 100 Hz can be drawn from these measurements.

However, the stabilization loop should provide a control signal that also suppresses the
FN-PSD of the free-running ML-ECDL for Fourier frequencies below 100 Hz. This suggests
that noise is added during the phase comparison by, e.g., SG2 or the PFD. This noise is then
translated into noise of the pulse repetition rate due to the large transfer factor Ftrans of about
2 · 106 Hz/rad (see Sec. 6.2) provided by the stabilization loop. For the corresponding PSDs,
F 2

trans ≈ 4 · 1012 Hz2/rad2 needs to be taken into account. The order of magnitude of the ex-
cessive noise that might be added by SG2 or the PFD can be estimated as follows. Taking into
account the noise level of about 10−3 Hz2/Hz that was determined for the stabilized ML-ECDL
at a Fourier frequency of 100 Hz, see Fig. 6.2(b), the excessive added noise has to be in the order
of 10−15 rad2/Hz at Fourier frequencies of 100 Hz. To investigate a noise source of this order, a
spectrum analyzer featuring a noise floor below 10−15 rad2/Hz at Fourier frequencies of 100 Hz
is required. However, such a device was not available at the time of this investigation. Thus, the
source of the increase of the FN-PSD of the stabilized ML-ECDL at Fourier frequencies below
100 Hz could not unambiguously be determined in this work.

6.3.2. Optical characteristics
Considering the influence of the stabilization on other mode-locking characteristics, it can be
shown that the optical spectrum of the stabilized ML-ECDL remains similar to that of the
ML-ECDL with the free-running pulse repetition rate, see Fig. 6.3. The peak wavelength
and the spectral width remain constant within the margin given by the resolution bandwidth,
774.10 nm, 1.7 nm at 3 dBc, 10.3 nm at 15 dBc, and 11.5 nm at 20 dBc for the free-running and
the stabilized ML-ECDL, respectively. For comparison of the spectral shape, both spectra were
normalized relative to their peak power. Additionally, the quotient between the free-running
(Pfree) and the stabilized (Pstab) spectrum was calculated, see Fig. 6.3. It is found that the
spectra differ by less than 1 dB in the central part. Please note that the measurement of the
optical spectrum is limited by the noise floor for wavelengths shorter and longer than approx.
771 nm and 785 nm, respectively.

133



6. Pulse repetition rate stabilization

Figure 6.3.: Comparison of optical spectra recorded for the free-running (Pfree, black) and the
stabilized (Pstab, red) ML-ECDL. For better visualization, the quotient Pfree/Pstab is also shown.

6.3.3. Temporal and optical power characteristics
The pulse shape (sech2) and width (about 5.5 ps) remain nearly constant within the measurement
accuracy (RBW = 100 fs) with stabilization of the pulse repetition rate, see Fig. 6.4. The noise
peaks in the lower and upper delay range are measurement artifacts resulting from the low
optical power available for this measurement.

Figure 6.4.: Autocorrelation functions of the free-running and of the stabilized ML-ECDL.

Further, as the average optical power also remains constant with stabilization of the pulse
repetition rate, the peak optical power remains constant at about 1.5 W.

6.4. Conclusion from the stabilization of the pulse repetition rate
The successful stabilization experiment shows that using an active stabilization scheme, a control
signal for the gain section injection current can be generated to stabilize the pulse repetition
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rate. Comparison of the frequency noise of the free-running and the stabilized pulse repetition
rate reveals a servo bandwidth (3 dB suppression) of about 72 kHz with a servo bump at around
130 kHz. The transfer function of the open loop corresponds to a single integrator so that the
suppression of the free-running FN-PSD increases by two orders of magnitude per decade towards
smaller Fourier frequencies in closed loop operation. An upper limit of the RF linewidth of the
stabilized pulse repetition rate of about 1.4 Hz (resolution limited, for an integration time of 1 s)
was determined. No significant influence of the stabilization of the pulse repetition rate on the
mode-locking performance characteristics other than the RF characteristics of pulse repetition
rate was found.

The demonstrated frequency stabilization scheme of the pulse repetition rate allows for imple-
mentation of the advanced stabilization scheme for future QUANTUS experiments, see electrical
circuits sketched in pink in Fig. 1.4(b). This concept only requires a stabilized pulse repetition
rate but does not require stabilization of the absolute optical frequency, see Eq. 1.9. Employing
both actuators, the gain section injection current and the saturable absorber reverse voltage,
could allow for stabilization of the pulse repetition rate and the offset frequency of the frequency
comb in the advanced stabilization scheme, see dark blue lines in Fig. 1.4(b). This would enable
more versatile absolute frequency measurements. Thus, future investigation should also include
the control of both, the gain section injection current and the saturable absorber reverse voltage.
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7.1. Conclusion

The main goal of this dissertation was to develop a passively mode-locked diode laser for future
experiments within the QUANTUS project series (Sec. 1.2). The laser should provide a spectral
bandwidth exceeding 13.5 nm (20 dBc) in the wavelength range around 780 nm. A pulse
repetition rate of 6.8 GHz or subharmonics with a free-running RF linewidth better than 10 kHz
(3 dBc) was required. The laser had to provide an optical power of more than 100 nW for comb
lines at 20 dBc. Micro-integration of the laser into a technology platform with no moving
parts was required to provide the required compactness and robustness for future space-borne
experiments. The pulse repetition rate needed to be stabilized for future implementation of the
laser within the QUANTUS experiments. Further details on the requirements on the laser can
be found in Sec. 1.2.4.

In the first part of this work, the design and components of the diode laser were investigated
to optimize the mode-locking performance. To enable this development, an experimental setup
comprising a laser test mount and a measurement setup were designed and implemented. Further
details on the experimental setup and techniques can be found in Chap. 3.

First, the optical design of the laser including the external mirror was optimized. By com-
paring typical performance characteristics of various laser resonator concepts, an ECDL-type
optical design comprising the diode laser chip, collimation micro-optics, and an external mirror
was selected. A linear laser resonator was set as required by the micro-integration technology
platform. Further details can be found in Secs. 2.5, 4.2.1, and 4.2.2.

Then, the influence of the resonator length on the mode-locking performance was analyzed.
It was found that with increasing resonator length Lres, the pulse repetition rate decreases as
1/Lres, as expected, the RF linewidth decreases, and the spectral bandwidth and the optical
power increase. The optimization showed that long laser resonators are better suited to fulfill the
requirements. Hence, with a length of 44 mm the longest laser resonator that can technologically
be implemented in the intended micro-integration platform was set. This corresponds to a pulse
repetition rate of about 3.4 GHz (first subharmonic of 6.8 GHz). Further details can be found
in Sec. 4.2.3.

In a subsequent step, the epitaxial layer design of the diode laser chips was investigated. It
was found that the epitaxial layer design is the most important design parameter for optimizing
the spectral bandwidth. The stochiometric composition of the quantum wells was employed to
optimize the spectral bandwidth. Different symmetric DQW structures featuring an As content
of the QWs of 0.75 to 0.81, respectively, were compared. The corresponding mode-locked optical
spectra feature single spectral bands with peak wavelengths of 760 nm to 780 nm, respectively,
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and spectral bandwidths at 20 dBc of at most 7 nm. To increase the spectral bandwidth, an
asymmetric DQW structure featuring an As content of 0.75 in one QW and 0.81 in the other
QW was realized. The corresponding optical spectrum of the ML-ECDL comprised two spectral
bands with a peak wavelength around 770 nm and 780 nm, respectively. Spectral bandwidths
of more than 16 nm at 20 dBc were achieved fulfilling the requirement set out in Sec. 1.2.4.
The required center wavelength of about 773.5 nm could not be achieved by optimizing the
operation temperature in the experimentally accessible range of 15 ◦C and 40 ◦C. However, it
was estimated that the ML-ECDL would cover the required wavelength range at about 11 ◦C.
Hence, diode laser chips featuring aDQW structures were found to be the best suited devices.
Further details can be found in Sec. 4.2.4.

The longitudinal design of the diode laser chip was explored with the goal to optimize the
mode-locking performance characteristics. A strong influence of the longitudinal design on the
RF stability was observed. First, diode laser chips with sDQW structure and chip lengths of
1 mm and 2 mm were investigated. Both devices provide similar spectral bandwidth of about
5 nm at 20 dBc. However, the increase of chip length leads to a strong decrease of RF linewidth
from about 1 kHz to 0.1 kHz. Second, 2 mm long diode laser chips with aDQW structures and
50 µm and 100 µm long saturable absorbers were compared. Similar spectral bandwidths and
RF linewidths were observed for both devices. However, the RF spectrum of the device with
50 µm long saturable absorber, in contrast to that of the device with a 100 µm long saturable
absorber, features a periodic peak structure with a frequency period of about 70 MHz. Thus,
a 2 mm long diode laser chip with a 100 µm long saturable absorber was found to be the best
suited device. Further details can be found in Sec. 4.2.5.

Next, the influence of the reflectivity of the output (front) and the resonator-side facet of
the diode laser chip on the mode-locking performance was studied. Asymmetric DQW devices
with different front facet reflectivities Rf were compared. It was found that decreasing Rf from
30 % to 5 % resulted in an increase of the RF linewidth from 1.5 kHz to 5.3 kHz (3 dBc). Both
values are well within the requirement. The spectral bandwidth at 20 dBc and the optical power
increased from 15 nm to 16 nm and 15 mW to 25 mW, respectively, for the diode laser with
Rf = 5 % compared to that with Rf = 30 %. Thus, the diode laser chip with Rf = 5 % was
found to be the best suited device. Further, the influence of the AR coating of the resonator-
side facet was investigated. It was found that an insufficient AR coating leads to a power
modulation which can be observed as a modulation of the mode-locked optical spectrum with
a period corresponding to the diode laser chip length. Thus, an optimized AR coating of the
resonator-side facet was implemented. Further details can be found in Sec. 4.2.6.

The influence of the values of the operating parameters on the mode-locking performance of the
ML-ECDL best suited to fulfill the aforementioned requirements was investigated. Optimization
of the values of the operating parameters showed that the best suited device provides a spectral
bandwidth at 20 dBc exceeding 16 nm with a peak wavelength around 773 nm and a center
wavelength around 777 nm. A pulse repetition rate of 3.4 GHz with an RF linewidth of 6.5 kHz
(3 dBc) is achieved. The ML-ECDL emits 5 ps (FWHM) long, sech2-shaped pulses. The average
optical power exceeds 25 mW providing a pulse peak power of about 1.3 W and a comb line
power at 20 dBc of more than 650 nW.
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The second part of this thesis work focuses on the hybrid micro-integration of an OFC based on
the design optimized in the first part of this work to further demonstrate the suitability of the
developed ML-ECDL for implementation in future experiments within the QUANTUS project
series. In a first step, a small spectral bandwidth ML-ECDL was successfully integrated to iden-
tify technology gaps, e.g., displacement-free integration of the external mirror. In a second step,
an advanced integration strategy was developed. This strategy was then successfully applied to
integrate the large spectral bandwidth ML-ECDL that is best suited for future implementation
in the application (Sec. 1.2). It was demonstrated that the mode-locking performance of a nom-
inally identical ML-ECDL mounted on the laser test mount could successfully be reproduced
with the advanced ML-ECDL module.

To demonstrate the suitability of the developed OFCG for implementation in future precision
frequency comparison experiments, investigations on the stabilization of the pulse repetition
rate to an external RF reference were conducted in the third part of this thesis work. For these,
an experimental test bed was developed. This setup allows for stabilization of the phase of the
pulse repetition rate relative to an external RF reference signal. Here, the gain section injection
current was used as actuator. With a servo bandwidth of around 72 kHz, a reduction of the RF
linewidth from 4.8 kHz to 1.4 Hz (resolution limited) was demonstrated. No significant changes
of the mode-locking performance characteristics were observed. This RF linewidth surpasses the
requirement by more than one order of magnitude.

In conclusion, the ML-ECDL developed within this thesis is best suited to fulfill the require-
ments derived from the application. Hence, it holds a promising potential for the envisioned
implementation in future space-borne precision frequency comparison experiments and beyond.

7.2. Outlook on future advancements
The investigations presented in this thesis have shown that diode laser-based optical frequency
combs have the potential to provide an alternative to already established solid-state or fiber-
based frequency combs in frequency comparison experiments. In the course of the investigations,
however, several possible improvements have been identified which promise to further enhance
the performance of diode laser-based OFCs in the future.

Improvements of the diode laser chip

In order for the frequency comb to span the intended wavelength range at room temperature,
the center wavelength of the mode-locked optical spectrum needs to be blue-shifted. Taking
into account the shift of the center wavelength of the mode-locked optical spectrum with the As
content of the QWs, this blue-shift can be realized by reducing the As content by an amount of
less than 0.02 in each QW of the aDQW structure.

While the requirement for spectral bandwidth has successfully been met, using two QWs
separated in wavelength by about 9 nm resulted in a reduced spectral overlap of the spectral
bands emitted by each QW and a reduced RF stability. Reducing the spectral distance of the
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modal gain peaks of each QW by reducing the steps of the As content between the QWs would
avoid this problem. At the same time, however, the spectral bandwidth would be reduced. This
can be accounted for by designing an active region featuring multi-QWs with spectrally closely
shifted gain spectra. Further improvement can be brought about by not only modifying the As
content and the number of QWs but also the layer thickness of the active region [176–179].

Insufficient AR coating of the resonator-side facet of the diode laser chip has shown to be
detrimental to the stability of the mode-locking process, see, e.g., Fig. 4.14. Reduction of
reflectivity of the resonator-side facet by several orders of magnitude can be realized by employing
bent ridge waveguides providing an angle between the ridge waveguide and said facet [91].

Improvements regarding the laser concept

A disadvantage arising from spectral broadening is a reduction of optical power as observed
for the aDQW lasers compared to the sDQW ones. A way to increase the optical power is to
configure the laser in a MOPA configuration where the ML-ECDL is the master oscillator.

For further improvements, the properties of the external mirror need to be reconsidered.
Employing chirped mirrors would allow for pulse shaping in the laser resonator to optimize the
spectral gain in the master diode laser chip via gain recovery during the pulse duration. These
mirrors can, e.g., be grown from semiconductor material [156, 158].

Future investigations should extent the stabilization process to include the saturable absorber
reverse voltage as an actuator. Thus, two actuators, the reverse voltage applied to the absorber
and the gain section injection current, would be available to simultaneously stabilize the pulse
repetition rate and the offset frequency of the optical frequency comb. In this case, more versatile
absolute frequency measurements would be possible.

For implementation in a harsh environment for, e.g., space-borne experiments, the micro-
integrated ML-ECDL module requires a hermetic housing to shield it from environmental in-
fluence, RF suitable electrical feedthroughs, and a fiber coupled output. The next generation
technology platform developed at the FBH does provide such capabilities and also allows for
micro-integration of a MOPA type laser configuration [78]. Further, environmental stress tests,
such as thermal cycling, and vibration and shock tests need to be conducted to demonstrate
the ML-ECDL module’s mechanical robustness. For actual space deployment, radiation tests,
depending on the chosen orbit, are required. Successful space deployment of GaAs-based diode
lasers developed by FBH has already been demonstrated, see, e.g., Ref. [6, 207], putting the
future space deployment of the diode laser-based OFC developed within this work within reach.

Implementation of other technologies

In parallel to implementing improvements of the components or concept of the mode-locked
laser, considering other technological approaches is of importance.

One aspect is the choice of gain medium. For broadening the optical gain of the diode
laser chip, e.g., exploiting quantum dots (QD) instead of QWs should be considered. QDs are
known to provide broad gain spectra resulting in, typically, large spectral bandwidth mode-
locked optical spectra, and higher levels of RF stability [91, 92]. CW operating QD lasers in the
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wavelength range of 775 nm have already been demonstrated [173, 174, 208].
Hybridization of the diode laser chip provides an option for separate optimization of the gain

section and the saturable absorber, in form of using the full length of the diode laser chip as gain
section and, e.g., a semiconductor saturable absorber mirror (SESAM) as saturable absorber and
external mirror. A similar approach has been implemented in the early years of mode-locked
diode laser development but has been disregarded in favor of integrating the saturable absorber
with the gain section into a single diode laser chip, see, e.g., Ref. [108]. This approach can
also be realized in a linear laser geometry and micro-integrated into the existing platforms by
adhesively bonding the SESAM to an adapter substrate.

While also leading to a higher system complexity, employing the ML-ECDL as seed source is a
follow-up step of hybridization on system level. One example is to use the ML-ECDL in a MOPA
configuration to boost the system’s optical output power. Another example is the use of a non-
linear waveguide or micro-resonator seeded by the ML-ECDL to broaden the system’s optical
spectrum [87, 209, 210]. The next-generation micro-integration technology platform discussed
above, would, with minor modifications, also allow for micro-integration of those components.
With regard to these concepts, the results presented in this thesis provide a promising basis for
the development of systems tailored for the needs of various applications.
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A. Derivation of equations

A.1. Influence of the spectroscopy stabilization in the advanced
stabilization scheme

Here, the contribution of the uncertainty of the spectroscopy stabilization δν2 to the uncertainty
of the Eötvös ratio δη is estimated.

As stated in Eq. 1.23, ∆a is given as

∆a = a1 − a2 ≈ c
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For δη, it follows analogously to Sec. 1.2.2 that
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Approximating a1 ≈ a2 ≈ ā, see Sec. 1.2.2, yields

δν2 < δη · 1⃓⃓⃓
1
ν2

− 1
ν1

⃓⃓⃓ = δη · ν1 · ν2
∆ν

≈ δη · ν1 · 60. (A.4)

Thus, compared to an individual spectroscopy stabilization at the K and Rb frequency, the
requirement for the uncertainty δν2 of the remaining spectroscopy stabilization is relaxed by a
factor of 60.

A.2. Optical gain and absorption

This section describes the derivation of the fast optical gain in Eq. 2.10.
The derivation of the fast optical gain starts with Eq. 2.6. Fast optical gain means that

the optical gain reacts instantaneously to incident optical power, dg/dt = 0. Neglecting carrier
injection, the temporal behavior of the optical gain can be described by

dg(N)
dt

= 0 = −g(N) + g′Ntr

τg
− g′vgg(N)S(t). (A.5)
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Reorganizing Eq. A.5 for g(N) results in

g(N) = −g′Ntr

1 + τgg′vgS(t) . (A.6)

Using the relationship of photon density and optical power S(t) = P (t)/(vg~ωAg), the relation-
ship of saturation energy (Eq. 2.2) and saturation optical power P g

s = Eg
s /τg gives

g(N) = g(N = 0)
1 + P (t)

P g
s

. (A.7)
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HWP half-wave plate
I in-phase
IB integration band(width)
IF intermediate frequency
IR infra-red
IQ in-phase and quadrature
K potassium
LR low-reflection
ML-ECDL mode-locked extended-cavity diode laser
MIOB micro-optial bench
MOPA master oscillator power amplifier
MOVPE metal-organic vapor-phase epitaxy
MQW multi quantum well
NA numerical aperture
Ni nickel
OFC optical frequency comb
OFCG optical frequency comb generator
OSA optical spectrum analyzer
P phosphorus
PCB printed circuit board
PFD phase-/frequency-detector
PMT photomultiplier tube
PN-PSD phase noise power spectral density
PR partial reflection
PSD power spectral density
Q quadrature
QD quantum dot
QW quantum well
Rb rubidium
RBW resolution bandwidth
RF radio frequency
RMS root-mean-square
RW ridge waveguide
SA saturable absorber section
SAB saturable absorber reverse voltage
SCH separate confinement heterostructure
SCPM self-colliding pulse mode-locking
sDQW symmetric double quantum well
sech2 squared hyperbolic secant
SESAM semiconductor saturable absorber mirror
SFG sum frequency generation
SHG second harmonic generation
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Si silicon
SiNx silicon nitride
SMA SubMiniature version A
SNR (coherent) signal-to-noise-ratio
SPM self-phase modulation
SQW single quantum well
TBP time-bandwidth-product
TEC thermo-electric cooler
TM transverse magnetic
UFF universality of free fall
UV ultraviolet
VHBG volume holographic Bragg grating
WEP weak equivalence principle
WGM whispering gallery mode
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List of symbols

symbol unit description
A(t) 1 amplitude fluctuations of a mode-locked pulse train
Ar 1/s non-radiative recombination processes
Aa m2 effective cross-section area of optical mode in the saturable absorber

section
Aaz m2 area of active region
Ag m2 effective cross-section area of optical mode in the gain section
a m/s2 local acceleration
ā m/s2 average of local accelerations
ai m/s2 local acceleration of test mass i
α′ m2 differential absorption
α0 1/m absorption before arrival of pulse
αslow,fast 1/m time-dependent slow, fast saturable absorption
α(N) 1/m carrier dependent absorption
Br m3/s spontaneous recombination processes
β 1/m propagation constant
Cr m6/s Auger recombination processes
c0 m/s speed of light in vacuum
daz m thickness of active region
∆a m/s2 difference in local accelerations
∆EF J difference in quasi-Fermi levels of conduction and valence band
∆fL

rep Hz RF linewidth of the pulse repetition rate determined with a Lorentzian
fit of the RF spectrum

∆fβ
rep Hz RF linewidth of the pulse repetition rate determined with the β-

separation line method
∆φceo rad phase slip from pulse to pulse
∆λx m spectral bandwidth of an optical spectrum at x dBc
∆ν Hz frequency difference between the K and Rb lasers
∆νx Hz spectral bandwidth x dBc
∆νres Hz optical frequency resolution
∆ω̄ Hz difference frequency between angular frequency of selected baseband sig-

nal and set center frequency
∆t s inverse sampling rate
δη m/s2 measurement uncertainty of the Eötvös ratio
δ(∆a) m/s2 uncertainty of determination of ∆a
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List of symbols

symbol unit description
δ(∆ν) Hz uncertainty of frequency transfer ∆ν
δI(t) W/m2 noisy part of the temporary intensity profile of a mode-locked pulse train
δνK Hz frequency uncertainty of the K laser
δνRb Hz frequency uncertainty of the Rb laser
δνtrans Hz frequency uncertainty introduced by the frequency stability transfer with

the OFC
E(ω) Vs/m Fourier-transform of electrical field of a pulse train E(t)
E(t) V/m electrical field of a pulse train
ECB J energy level of the conduction band
EV B J energy level of the valence band
EF C J quasi-Fermi level of the conduction band
EF V J quasi-Fermi level of the valence band
Eg J bandgap energy
Ep J pulse energy
Ep(t) V/m time-dependent electrical field of a single pulse
ϵQW 1 local dielectric function of QW
ϵ cm3 phenomenological coefficient
Ei

s J saturation energy of i (saturable absorption, optical gain)
η 1 Eötvös ratio
ηi 1 efficiency of current transfer into active region
Ft mA/V transfer factor from voltage to current of current controller
Flas Hz/mA transfer factor from current to pulse repetition rate of the ML-ECDL
FP F D transfer factor for voltage shift per phase shift of phase detector of PFD
f̄ Hz frequency set to record the IQ data
fbi Hz beat note frequency with counter bi
fb−i Hz beat note frequency of comb line closest to νi with νi

fceo Hz carrier-envelope-offset frequency
fcut Hz cut-off frequency
frep Hz pulse repetition rate
f̄rep Hz time averaged pulse repetition rate
f1, f2, fref Hz reference frequencies in advanced stabilization scheme
Gx(t) a.u. autocorrelation function of function x
g(N) 1/m carrier dependent optical gain
g′ m2 differential gain
g0 1/m optical gain before arrival of pulse
gm 1/m modal gain
gslow,fast 1/m time-dependent slow, fast optical gain
Γ 1 confinement factor
Γa 1 confinement factor in saturable absorber section
Γg 1 confinement factor in gain section
~ Js reduced Planck constant
IAF (τ) 1 normalized (optical) intensity autocorrelation function
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symbol unit description
IDCI A gain section injection current
I0(t) W/m2 intensity profile of a perfectly mode-locked pulse train
Ip(t) W/m2 time dependent intensity of a single pulse
I(t) W/m2 intensity
I(t) [V(t)] in-phase component of V (t)
J(x) W/m vertical distribution of the optical power
J(t) 1/(sm2) carrier injection into active region
Jt(t) 1 timing fluctuations of a mode-locked pulse train
jt s RMS integrated timing jitter
k 1/m absolute value of the difference of the wave vectors of the counter-

propagating light pulses of the atom interferometer
keff 1/m effective wave vector of the counter-propagating light pulses of the atom

interferometer
ki 1/m wave vector of a light pulse i in the atom interferometer
kp 1 pulse shape-dependent constant
L(f) Hz2/Hz one half of the one-sided power spectral density of the phase fluctuations

[161]
Laz m length of active region
Lβ Hz β-separation line
Lchip m diode laser chip length
Lgain m gain section length
Lres m resonator length
LSA m saturable absorber section length
λ m wavelength
λc m center wavelength
λp m peak wavelength
λpQW i m peak wavelength of spectral band corresponding to QW i
m 1 counter
mci 1 counter for comb line ci
N 1/m3 carrier concentration
Ntr 1/m3 transparency carrier density
NQW 1 number of QWs
n 1 counter
neff 1 effective refractive index
ng 1 group refractive index
νc Hz center optical frequency
νci Hz optical frequency of comb line ci
νi Hz optical frequency with counter i
nH 1 harmonic number
np 1 number of measurement points
νK Hz frequency of the D2 transition of potassium
νRb Hz frequency of the D2 transition of rubidium
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List of symbols

symbol unit description
νtrans Hz part of frequency difference between K and Rb lasers that is directly

bridged by the OFC
ω Hz angular frequency
ωca Hz angular carrier frequency
ωnH Hz angular frequency of harmonic nH of pulse repetition rate
P (t) W time dependent optical power
P α

s W saturation optical power in saturable absorber
P g

s W saturation optical power in gain section
Pavg W average optical output power
Pi W optical power of comb line i
PK W optical power of the comb line closest to the K D2 transition frequency
Plambdap W maximum optical power of the optical spectrum
Pp W peak optical power
Ppulse W optical power of a single pulse
PRb W optical power of the comb line closest to the Rb D2 transition frequency
P (t) W time-dependent optical power of a pulse train
p(t) 1 temporal pulse shape
pmax 1 maximum of p(t)
ps 1 pulse shape dependent form factor
ϕ(t) rad instantaneous phase
∂(x) a.u. partial derivative of function x
ϕnH rad time dependent phase of a harmonic nH of the pulse repetition rate
Φ rad accumulated interferometer phase shift
φceo rad carrier-envelope-offset phase
φ0 rad carrier-envelope-offset phase at time zero
Q(t) [V(t)] in-quadrature component of V (t)
R(N) 1/(m3s) carrier recombination
S(t) 1/m3 time dependent photon density
Sx(f) [x]2/Hz one-sided power spectral density that corresponds to function x
τ s time delay
τg s carrier lifetime in gain section
τp s width of IAF (τ) determined as FWHM intensity
τα s carrier life time in saturable absorber
tp s pulse width determined as FWHM intensity
T s interrogation time
Tm s measurement time
Tmount

◦C mount temperature
Trep s periodicity of the pulses, round trip time of pulses in laser resonator
USAB V saturable absorber reverse voltage
Vaz m3 volume of active region
vg m/s group velocity
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symbol unit description
V (t) V RF signal corresponding to the intensity profile of the mode-locked pulse

train
VnH V voltage amplitude at a frequency corresponding to a harmonic nH of the

pulse repetition rate
w0 m beam diameter (1/e2, intensity)
yi 1 arsenic content of QW i
zR m Rayleigh range
< x > [x] average of function x
F(x) a.u. Fourier-transform of function x
ℑ(x) [x] imaginary part of complex function x
ℜ(x) [x] real part of complex function x
ẋ [x] time-derivative of function x
x̂ [x] envelope of function x
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