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Abstract

Kohärente Halbleiterlichtquellen im Chip-Maßstab, die optische Frequenzkämme erzeugen, revolutionieren
derzeit die On-Chip-Spektroskopie im mittleren Infrarot, die optische Kommunikation im nahen Infrarot
und die nichtlineare Mikroskopie. Sie erlauben die effiziente Erzeugung schmaler und äquidistanter Spek-
trallinien oder Lasermoden mit fester Phasenbeziehung über einen breitbandigen Spektralbereich. Eine
attraktive Realisierung solcher Kämme basiert auf nanostrukturierten Halbleiterlasern deren aktive Zone
aus Quantenpunkten besteht. In dieser Arbeit wird zunächst die Bildung von zwei Arten optischer Fre-
quenzkämme in einem Halbleiter-Quantenpunktlaser vorgestellt: die phasengleiche Synchronisation der
Intermoden-Schwebungen, die zu optischen Pulsen führt, und die Spreizphasensynchronisation, die zu
quasi-kontinuierlicher optischer Lichtemission führt. Beide Zustände können bei Bedarf in einem einzigen
Halbleiterlaser erzeugt werden. Durch Variation des Laserdesigns und der Betriebsparameter können bei
Bedarf frequenz- und amplitudenmodulierte Kämme erzeugt werden. Zweitens wird, basierend auf ihren
identifizierten besonderen zeitlichen Eigenschaften, eine neue Methode vorgestellt, um die Empfindlichkeit
von Halbleiterlaser-Frequenzkämmen gegenüber optischer Rückkopplung zu bestimmen. Die Ergebnisse
zeigen, dass amplitudenmodulierte Halbleiterlaser-Frequenzkämme weniger empfindlich sind als frequenz-
modulierte Halbleiterlaser-Frequenzkämme. Die erzielten Erkenntnisse erlauben es, von Halbleiterlasern
erzeugte Frequenzkämme in aktuellen und zukünftigen integrierten photonischen Schaltungen in der optis-
chen Kommunikation zu verbessern, bei denen unvermeidbare optische Rückkopplungen von nachgeschalteten
aktiven und passiven Komponenten die Kammstabilität beeinträchtigen.
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Abstract

Chip-scale coherent semiconductor light sources generating optical frequency combs currently revolutionize
mid-infrared on-chip spectroscopy, near-infrared optical communications and nonlinear microscopy. Their
key advantages is the efficient generation of narrow and equidistant spectral lines or laser modes with a
fixed phase relationship across a broadband spectral region. An attractive realization of such combs is based
on nanostructured semiconductor lasers with semiconductor quantum dots forming their active region. In
this thesis, first, the formation of two types of optical frequency combs in a semiconductor quantum dot
laser is presented: in-phase synchronization of the intermode beatings, leading to optical pulses, and the
splay-phase synchronization, leading to quasi continuous wave optical output. Both states can be generated
on demand in a single semiconductor laser. By varying the laser design and the biasing conditions, frequency-
and amplitude-modulated combs can be generated on demand. Second, based on their identified particular
temporal characteristics, a novel technique to determine the sensitivity of semiconductor laser frequency combs
to optical feedback, is presented. Results suggest, that amplitude-modulated semiconductor laser frequency
combs are less sensitive to optical feedback than frequency-modulated semiconductor laser frequency combs.
The developed insights are expected to elevate semiconductor laser frequency combs in current and future
integrated photonic circuits in optical communications, where unavoidable optical feedback from downstream
active and passive components deteriorates comb stability.
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List of Abbreviations

LIDAR light detection and ranging

VECSEL vertical external-cavity surface-emitting laser

SESAM semiconductor saturable absorber mirror

QD quantum dot

QDh quantum dash

QW quantum well
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ICL interband cascade laser

RF radio-frequency

LWEF line width enhancement factor

GDD group delay dispersion

ATTL absorber to total length

SOA semiconductor optical amplifier
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EOPM electro-optic phase modulator
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MMI multimode interference

CW clockwise

CCW counter-clockwise

AC auto-correlation
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FROG frequency resolved optical gating

GRENOUILLE grating eliminated no-nonsense observation of ultrafast incident laser light E-fileds

SWIFTS shifted wave interference Fourier transform spectroscopy

FTIR Fourier transform infrared spectrometer

FWHM full width at half maximum

TEM transverse electromagnetic mode

SC segmented contact

ASE amplified spontaneous emission
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MC mode-contrast

MS mode-sum

CC cross-correlation

AM amplitude-modulated
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HML harmonic mode-locking order
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1 Motivation

Semiconductor frequency comb lasers are compact high-precision optical micro comb sources that emit a
spectrum of phase coherent equidistant lines. While frequency-modulated combs currently revolutionize
mid-infrared on-chip spectroscopy, amplitude-modulated combs serve as attractive super-channel sources
in near-infrared optical communications and nonlinear microscopy. Greatly desired for many applications
are chip-scale broadband coherent light sources. This demand is satisfied by semiconductor laser frequency
combs emitting a pattern of sharp, narrow and equidistant lines with a fixed phase relationship [1].

A unique feature of this platform is electrical pumping for direct emission of self-starting micro combs op-
erating in spectral regions ranging from the near- to far-infrared [2]. Typically with laser cavity length of
couple of millimeters, their comb round trip frequencies range from a few to tens of gigahertz with excellent
match to a variety of applications requiring high optical power per line [3] and high temporal dynamics in
dual-comb spectroscopy configurations [4]. The spectral characteristics of equidistant lines spread over a large
bandwidth are generally obtained via periodic amplitude or frequency modulation of an optical carrier [5].
The amplitude-modulated regime has traditionally been accessed by monolithically integrating a saturable
absorber in a split-contact laser geometry [6, 7]. Ion implantation of the short cavity section along with
negative bias voltage supply reduces the carrier lifetime and leads to passive mode-locking and the generation
of a train of optical pulses, as long as the upper state lifetime allows energy storage over a round-trip. In
contrast, frequency-modulated operation has shown to be a universal phenomenon, naturally occurring in bulk
single-section Fabry-Pérot semiconductor cavities with different gain dynamics [8–14]. The key contributors
to frequency-modulated comb generation are spatial hole burning to promote multi-mode operation, and
four-wave mixing in order to equalize the mode spacing and to establish a well-defined inter-modal phase
relationship [9, 15–17]. The latter naturally arises due to the intrinsic χ(3) gain nonlinearity and allows to
compensate for initial modal non-equidistance due to the dispersion [17].

The generated optical waveforms in the frequency-modulated case are completely different from the ones
generated by amplitude-modulated combs. Frequency-modulated combs operate with a full duty cycle
with a quasi-continuous wave output intensity, where the instantaneous optical frequency is linearly swept
across the full comb bandwidth in a periodic fashion [5, 18, 19]. The motivation for exploring the two
comb regimes relates to their completely different applications. For instance, the lack of optical pulses in
frequency-modulated combs is preferred for spectroscopy [1, 20–22] due to a suppression of photodetector
nonlinearities and lower requirements on the dynamic range of digitizers in order to acquire the electrical
signal in dual-comb spectroscopy. Another niche of frequency-modulated combs is optical communications uti-
lizing multi-wavelength (multi-carrier) super channel sources [23–25]. Amplitude-modulated combs, in turn,
are preferred for multi-photon microscopy and nonlinear optical frequency conversion, where the optical peak
power in pulsed emission drastically improves the conversion efficiency. Other niches of amplitude-modulated
combs include light detection and ranging (LIDAR) [26, 27], as well as a variety of modulation schemes for
optical communications.

This thesis focuses therefore firstly on strengthening the understanding of the optical frequency comb genera-
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tion in semiconductor laser devices and on the identification of two comb states in one laser. Secondly, the
generation and tuning of the emission characteristics of ultra-low phase noise combs by device design and by
external optical feedback stabilization and synchronization will be presented.

This thesis is structured as follows: In chapter 2 the fundamentals of semiconductor lasers are described
emphasizing semiconductor frequency comb lasers, their material characteristics including the density of
states for different semiconductors, modal gain, absorption and dispersion properties, and how noise can be
characterized in optical frequency comb lasers. Chapter 3 aims at describing the state-of-the-art in different
comb laser materials and presents the laser structures studied in this thesis. Chapter 4.1 describes techniques
for measuring the phase relation in optical frequency comb lasers and presents a beat note spectroscopy
set-up in more detail. Chapter 4.2 describes the static semiconductor laser parameter results, namely modal
gain, absorption, material group delay dispersion and the characteristic temperature, followed by chapter 4.3
where amplitude- and frequency-modulated comb generation in two-section quantum dot lasers will be
demonstrated. The focus in this chapter lies on frequency-modulated comb generation and amplitude-
modulated comb generation and how each of these comb states can be selected by the laser bias parameters.
Chapter 4.4 provides insights into ultra-fast modulations detected in selected frequency-modulated comb
lasers. Chapter 4.5 presents different stabilization techniques which have been applied to optical frequency
comb lasers including, electrical injection locking and tuning, optical feedback and mutual synchronization of
two frequency comb lasers. In chapter 4.6, an experimental measurement technique based on simulations is
presented in order to determine the sensitivity of semiconductor optical frequency combs to optical feedback.
These studies are motivated by the lack of on-chip optical isolators towards optical frequency comb integration
in photonic integrated circuits. A technique to further reduce the feedback sensitivity in a two-section quantum
dot laser is given in chapter 4.7. The thesis closes with a short conclusion (chapter 5) and an outlook on
future works (chapter 7).
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2 Fundamentals of Semiconductor Combs

2.1 Optical frequency combs

Maxwell’s equations form the basis of electromagnetism, optics, and electric circuits. All electromagnetic
waves, let it be microwave signals in mobile phones or light emitted by any kind of light source is governed by
these equations. In 1886 Heinrich Hertz started a technological revolution changing our daily lives by the
first controlled demonstration of radio waves [28]. In 1950 the first cesium clocks evolved which later led
to the definition of the second as an SI unit [29]. It is defined by the transition frequency between the two
hyperfine levels of the ground state of the caesium-133 atom which is around 9.2GHz. In 1960, the first
laser was demonstrated by Theodore Maiman [30]. The emission frequency of a laser is around 500THz. For
decades there was a large technological gap of the order of 105 between microwaves and optical waves. This
gap has been closed in 1999/2000 by the demonstration of the so-called optical frequency comb [31–34].
Optical frequency combs uniquely enabled the direct conversion of optical-to-microwave frequencies and vice
versa. This is schematically depicted in Figure 2.1 showing different gears connecting microwave frequencies
and optical frequencies. Optical frequency comb generation was awarded in 2005 with the noble prize to
Theodor Hänsch and John Lewis Hall.

Figure 2.1: Set of gears illustrating the function of an optical frequency comb, linking radio frequencies to a
vast array of optical frequencies with fn = nfrt + f0, where frt and f0 are radio frequencies and n

is an integer in the region of 104 to 106. Graphic edited from [35].
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The optical frequency comb equation is given by

fn = nfrt + f0 (2.1)

with fn being the optical frequencies, f0 a constant carrier offset frequency and frt the round trip frequency
of the optical cavity and thus the mode spacing of the optical frequencies. n is in the region of 104 to 106

depending on the microwave and optical wave frequencies. Originally developed to improve the time standards
by measuring the time in the optical domain due to the much higher frequency compared to microwave
frequencies optical frequency comb laser find many applications [35, 36]. Nowadays, they are used in network-
ing of optical clocks [37, 38], for ultra low noise microwave generation [39], for calibration of astronomical
spectrographs and their applications to exoplanet searches [40, 41] or for direct comb spectroscopy for human
breath analysis [42] or for high precision molecular spectroscopy [43]. Industry state-of-the-art in optical
frequency comb generators are wavelengths from the visible (530 nm) to the mid-infrared (14µm) at round
trip frequencies of up to 250MHz with an integrated phase noise as low as 100mrad (100Hz-2MHz) with a
line width below 1Hz.1

Photonic chip based optical frequency combs can be generated via supercontinuum generation or in microres-
onators via Kerr-comb generation [44]. Supercontinuum generation uses therefore an amplitude-modulated
comb laser with pulses well below 100 fs which is undergoing dispersive broadening by using a photonic crystal
fiber enhancing four-wave-mixing processes. Generation of microresonator Kerr-combs is based on pumping a
microresonator with a strong single-frequency pump field from a single mode laser exciting dissipative Kerr
solitons leading to broad band optical frequency combs [44]. Another approach generating optical frequency
combs is by semiconductor disk lasers [45, 46]. There, a semiconductor saturable absorber mirror (SESAM) is
used in combination with a vertical external-cavity surface-emitting laser (VECSEL) which has to be optically
pumped by a wavelength-stabilized pump diode [46].

Due to the fact that the three aforementioned methods to generate optical frequency comb lasers require rather
complex high power seed or pump lasers, the focus in this thesis will be on demonstrating and comprehensively
studying electrically pumped semiconductor based optical frequency comb generators.

2.2 Semiconductor Comb Lasers

2.2.1 Near infrared multi-GHz comb

Semiconductor optical frequency combs are millimeter long comb generators resulting in round trip frequencies
in the multi-GHz range. The round trip frequency frt is solely defined by the cavity length Lcav and the
refractive index n of the material, which is around 3.5 to 4 for near-infrared semiconductor lasers investigated
in this thesis. It is given by

frt =
c

2nLcav
(2.2)

with the speed of light c. Important parameters building optical frequency comb semiconductor lasers are
the choice of a suitable semiconductor material, with an emission wavelength for applications in the near
infrared or mid infrared spectral region, and towards low phase noise. In general, broadband gain spectra
for the generation of wide optical frequency combs are desired. Although f0 cannot be measured easily by
a self reference scheme due to the lack of octave spanning in semiconductor frequency comb lasers, they
find particular interest in industry. Comb sources based on InAs/InGaAs quantum dots (1150nm-1330nm,

1https://www.menlosystems.com/products/optical-frequency-combs/ (called 25.10.21)
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wavelength controlled by the dot size) in GaAs/AlGaAs material systems with round trip frequencies frt from
25GHz up to 100GHz with typical 12 comb lines for optical communication applications are in development
by industry. 2 Additionally, monolithic integration of silicon photonics, radio-frequency drivers, and control
logic for high bit-rate operation is relevant for industry product development (100Gbps PAM4) 3.

The following sections of this chapter will describe the necessary ingredients in order to generate optical
frequency comb lasers based on semiconductor materials, by starting with the description of the material
properties and light generation in semiconductor lasers.

2.2.2 Density of States & Light Generation

Only two years after the invention of the LASER (light amplification by stimulated emission of radiation)
by Theodore Maiman in 1960 [30], the semiconductor laser was invented. In late 1962, based on a p-n
homojunction in GaAs, four groups reported semiconductor injection lasers [47–50]. An historical overview
also on preceding theoretical works on semiconductor lasing can be found in [51]. These first homojunction
lasers, thus using only one semiconductor material, where inefficient due to high optical and electrical
losses. The important improvements in semiconductor lasers where made with the concept of the double
heterostructure, using a blocking layer from a different semiconductor material than the active region on
both sides, reducing the active layer thickness and improving the efficient electron and optical confinement.
This was published in 1963 independently by Zhores I. Alferov and Herbert Kroemer who got awarded with
the noble prize in 2000 [52] and was first demonstrated in 1985 with InAs in GaAs [53]. Until 1980, only
bulk materials where used for semiconductor lasers until it was realized that the confinement of electrons to
lower dimensional semiconductor lasers translates into completely new optoelectronic properties. The spatial
confinement of semiconductor lasers leads to completely different density of states compared to the bulk
material as depicted in Figure 2.2. As dimensionality decreases, the density of states is no longer continuous
or quasicontinuous but becomes quantized.

Figure 2.2: Density of states for the charge carriers in different semiconductor materials including bulk (3D),
quantum well (2D), quantum wire (1D) and quantum dot (0D). (a) Spatial confinement [54]. (b)
Density of States. 3D: dN/dE∝ E(1/2), 2D: dN/dE∝ const, 1D: dN/dE∝ E(−1/2), 0D: dN/dE∝ δ(E).
Graphic edited from [55].

2https://www.innolume.com/ (called 25.10.21)
3https://ranovus.com/odin/ (called 25.10.21)
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Many different types of semiconductor based comb lasers have been proposed. In quantum dots (first proposed
in 1976 [56] and demonstrated in 1994 [57–59]), the gain medium has zero-dimensionality where dimensions
are smaller than the de-Broglie wavelength of the carriers in all three dimensions (≈40nm in InAs at room
temperature [60]). In comparison, quantum well material confines the carriers in only one, quantum wire
lasers in two dimensions. This carrier confinement leads to a modified density of states (see Figure 2.2). In the
case of quantum dots, the charge carriers occupy only a restricted set of energy levels rather like the electrons
in an atom, and for this reason, quantum dots are sometimes referred to as artificial atoms. It is important to
stress, however, that quantum dots actually contain hundreds of thousands of atoms. As one would expect
single mode operation for a delta shaped density of states in quantum dots, in reality, the delta-shape-like
density of states for quantum dots is inhomogeneous broadened (Figure 2.3) due to the size distribution of
the dots supporting broad gain spectra [54, 61, 62] and thus allowing optical frequency comb generation.

Figure 2.3: (a) Ideal density of states for equally sized quantum dots [54]. (b) Real density of states for
inhomogeneously broadenend quantum dots with size distribution [54].

A scanning electron microscope picture is shown in Figure 2.4(a) where several quantum dots are stacked
in several layers. The stacked quantum dot layers form the active region of the device and are sandwiched
by p-doped and n-doped AlGaAs forming the waveguide for the optical mode since the refractive index is
lower compared to the active region (see Figure 2.4(b)). In the doping process additional holes are added to
the p-doped region and additional electrons are added to the n-doped region by impurities from a different
atom or material. Those layers are again sandwiched between p-doped and n-doped GaAs layers which
are sandwiched by gold metal contacts. The configuration of bringing p-doped and n-doped semiconductor
materials together leads to a p-n-junction. The energy band diagram of such a p-n-junction is depicted in its
simplest form in Figure 2.4(c). Light generation is now based on the recombination of an electron from the
conduction band with a hole in the valence band both injected by a p-n-junction. Figure 2.4(c) shows the
energies of the valence- and conduction band schematically as a function of the position. The energies are
defined by the energy gap of the semiconductor with EFe and EFh as the quasi-fermi-levels of the conduction
band and valence band. The optical transition in the active region (colored light green) is marked with a red
arrow.
An exemplary energy diagram for a quantum dot laser with InAs quantum dots in InGaAs quantum wells
sandwiched in an AlGaAs waveguide is shown in Figure 2.5. The quantum dot energy states are confined like
in an artifical atom. The lowest state in the conduction band is called ground state whereby higher states
are denoted as excited states. If a positive current is injected, electrons from the n-AlGaAs side and holes
from the p-AlGaAs side are pulled to the active region and recombine there, leading to light emission. If
a reverse bias voltage is applied to the active region, the laser is working as a photo detector or absorber,
where photo electrons are generated proportional to the light impinging onto the active region. This will be
discussed more detailed in section 2.2.6, where passive phase locking of the modes in a two-section device
will be presented. There, the laser device consists of one gain section with positive voltage applied and one
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Figure 2.4: (a) Exemplary scanning electron microscope picture of multiple stacked quantum dot layers[63].
(b) Exemplary active region of a semiconductor. Details are described in chapter 3. (c) p-n-junction
of a simple semiconductor homo-junction [64].

short absorber section where a negative voltage is applied. The transition in the quantum dot laser as well as
in the quantum dash and quantum well laser is an interband transition. Cascading more interband transitions,
yields an interband cascade laser. There, the optical transition takes place in a quantum well structure as
in common quantum well lasers between conduction and valence band, while the concept of a cascading
structure is used to generate more gain. Typical number of cascades are between 3 and 10 [65]. The electron
is then cascading through all quantum well structures after each other as can be seen in Figure 2.5(b) showing
three cascades. The details of the used interband cascade laser in this thesis is presented in section 3.6.

Figure 2.5: (a) Exemplary energy diagram of a quantum dot in a well structure. The radiative transition is
marked in red [66]. (b) Schematic showing the cascade in an interband cascade laser with the
conduction band (black) and the valence band (blue). Graphic from [67].
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2.2.3 Active region doping

P-doping is a technique in which additional holes are added to the cladding layers of the quantum dot active
region (see details in section 3.1). This increases the temperature stability of the lasing threshold (characteristic
temperature T0, see section 2.2.5) of the device by increasing the energy separation of the energy levels of
the holes in the quantum dot and prevents parasitic recombination due to thermal population [68, 69]. It
also reduces the asymmetry in the distribution of the quasi-Fermi levels and thereby increases the modal gain
available from the quantum dot ground state which leads the laser to operate further from gain saturation at
elevated temperatures [70]. For example, a p-doping concentration of 2.6·1018 cm−3 in two quantum dot
layers was reported to increase T0 from 85K to 161K [69]. The additional holes in the active material also
impact laser emission properties: Although decreasing the threshold current density at elevated temperatures,
they lead to an increased threshold in the first place [68] and a reduced L-I slope-efficiency due to increased
internal losses [71], caused by a high free-carrier absorption rate [72, 73]. The modified energy levels also
impact the gain peak position and thereby shift the central emission wavelength by several nanometers (< 1%
of the central wavelength) [73].

2.2.4 Modal gain vs. Current density

The density of states impacts the differential gain of quantum dot lasers and therefore is critically important
to achieve short pulse formation. Quantum dot or quantum dash lasers, in contrast to quantum well and
bulk lasers, show a strong saturation of the gain above a certain current density, due to the limited possible
states. The modal gain to current density evolution is schematically depicted in Figure 2.6 [74, 75]. The
expected functional dependencies of the normalized modal gain function with respect to normalized carrier
densities (∝ gain injection current) for bulk, quantum well and quantum dot materials are for bulk materials
GNorm
bulk ∝ (N−Ntr), for quantum well materials GNorm

QW ∝ ln[N/Ntr] and for quantum dot materials GNorm
QD ∝

exp[−a(N−Ntr)]withN andNtr being the carrier density and the transparency carrier density of the medium,
and a as a fitting parameter [75]. Quantum dot and quantum dash based devices exhibit a steep initial rise
of the normalized modal gain in dependence on the normalized carrier density, followed immediately by
a rapid and abrupt saturation, as compared to the other active region structures. Lin et al. [76] proposed
that such an abrupt saturation constitutes an ideal condition for passive mode locking (see section 2.2.6) or
amplitude-modulated comb generation in a two section device.

2.2.5 Characteristic temperature

The emission properties of a semiconductor laser can be strongly impacted by the temperature where the laser
ist stabilized. Typically, the threshold current density increases due to the thermal population of higher energy
states and an increasing nonradiative recombination [69] with increasing temperature. Also, an increase of
the central wavelength due to of a smaller bandgap occurs [77]. Even though, due to the zero dimensional
active region and thereby discrete electronic levels, quantum dot lasers should in theory be able to exhibit an
infinitely high characteristic temperature [78]. Howevever, a temperature dependence of lasing threshold
on temperature is still present [78]. This is caused by the closer energy levels of the holes and by the fact
that the ideal density of states is inhomogeneously broadened by an ensemble of differently sized quantum
dots [68]. Increasing the temperature thus leads to a thermally broadened hole distribution among these
close energy levels [69], which in turn leads to nonradiative recombination. The increase in lasing threshold
can be quantified by the characteristic temperature T0, which is defined by the following equation [79]:

Jth = J0 · Exp(T/T0) (2.3)
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Figure 2.6: Schematic dependency of the maximum gain value on the carrier density (proportional to the
current density) for different dimensional gain materials including bulk, quantum well, quantum
dash and quantum dot [75].

with Jth the threshold current density at the temperature T, J0 the threshold current density at any chosen
base temperature and T0 the characteristic temperature. T0 can be calculated form the threshold current-to-
temperature dependency [79]:

T0 =
∆T

∆ln(Jth)
(2.4)

The higher the value of T0, the lower the impact of the temperature on the laser’s threshold current density
and the better the energy efficiency in applications. A more detailed introduction into the status quo and
results will be presented in section 4.2.3 together with the experimental results of quantum dot laser lasers,
described in detail in section 3.1.
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2.2.6 Passive- and self- phase locking

Passive phase locking

In this section, passive phase locking in semiconductor lasers is briefly described. By integrating a fast saturable
absorber section into the laser device, the generation of an optical pulse train is promoted [6, 7, 80]. In a
steady state picture, a pulse is circulating inside the laser cavity. Every time it passes the absorber section,
the losses are saturated and therefore reduced. Light below a certain intensity threshold experiences full
losses and is therefore suppressed. The schematic of gain and loss dynamics of an optical pulse are shown
in Figure 2.7(a) for a steady-state mode-locking condition. This effect is also responsible for a constant
shortening of the leading pulse wing, which shortens the pulse width. If the absorber has very fast recovery
times, attenuation of the trailing pulse wing also occurs. Other effects such as chromatic dispersion in the
gain section inside the cavity tends to broaden the pulse and balances out the pulse shortening. A spatio-
and temporal simulation result for a pulse circulating in the cavity is depicted in Figure 2.7(b). The absorber
is located from 0 to 0.35mm and the gain section is located from 0.35mm to 2mm. A part of the pulse is
coupled out at 2mm.

Figure 2.7: (a) Optical power (black), gain (blue) and absorption (red) dynamics of the circulating pulse in the
laser cavity for steady-state mode-locking conditions. Picture is taken from [81]. (b) Simulation
of a pulse in the laser cavity. The saturable absorber is located from 0 to 0.35mm and the gain
from 0.35mm to 2mm where the pulse is coupled out [82].

Self phase locking

This section describes self phase locking of the modes [9, 83, 84], often called magic mode-locking [85, 86]
or self-mode locking in literature as this mode-locking mechanism was unclear since decades, due to the usual
absence of the saturable absorber as compared to passive phase locking. While the modes are still locked
together, quasi-continuous wave laser light is generated. The physical principle behind it is yet not fully
understood, but several studies have been carried out to consider and study this phenomenon. It is observed
in the near-infrared in quantum dot [5, 87] and quantum dash [88] lasers and carrier confinement seems to
play an important role. Figure 2.8 describes the evolution leading to self phase locking with increasing gain
current from (a) to (f). Bardella et al. [9] suggested, that the strong carrier confinement leads to spatial hole
burning which then triggers multi mode lasing (Figure 2.8(c,d)). In the picture of the optical spectrum, these
lasing modes are not locked together and are not equally spaced apart. Four-wave mixing creates additional
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modes that are very close to the original modes, so called sub-bands. With increasing optical power, the power
of the created sub-bands is rising. At a certain intensity threshold, the sub-bands and the lasing modes are
locked together. This is the same principle as optical injection, which is why in this case it can be called
self-generated optical injection (Figure 2.8(f)). Additionally self phase locking is found in mid infrared or THz
quantum cascade lasers [12, 89, 90] where passive mode locking in the sense described above is not possible
due to the too short upper state life time (<1ps) in quantum cascade lasers. As well as in quantum dot lasers,
spatial hole burning was found to play a key role in the onset of multimode instabilities and four-wave-mixing
leads to the establishment of coherent modes.

Figure 2.8: Schematic evolution leading to self phase locking of the modes in a single section quantum
dot laser for increasing gain injection current. Current increases from (a) to (f). (a) Gain is
below threshold. (b) Gain is closely below threshold. (c) When the gain reaches the threshold
gain, one mode starts to lase. The single mode now forms counter propagating waves which are
coupled via reflections at the facets and form a standing wave pattern (see inset). (d) Onset of
several longitudinal cavity modes with different spatial configuration is favored since remaining
population is left inside the nodes. (e) Multimode emission with nonequally spaced modes, due
to the non-zero dispersion of the gain medium. (f) Four-wave-mixing leads to lasing lines (red)
close to the multimode lasing lines, pulling them, generating equally spaced comb lines.

2.2.7 Timing phase-noise and timing jitter

Timing phase-noise of an optical frequency comb is very closely linked to its timing jitter. It is best illustrated
by taking a look at an amplitude-modulated comb. The pulse-to-pulse timing jitter σptp is defined by the mean
deviation of two neighbouring pulses compared to the average pulse period [91]. It can be extracted from the
beat note line width ∆frt via

σptp =

√

∆frt

2πf3
rt

(2.5)

with the round trip frequency frt [92].
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The experimental characterization of the timing noise is done by measuring the timing phase noise power
spectral density Lψ(f). It is a representation of the timing deviation of the optical pulse train in the frequency
domain [93]. When assuming a Lorentzian-shaped power spectral density, the properties of Lψ(f) are
completely specified by the radio-frequency (RF) beat note line width [92]:

Lψ(f) =
∆frt

2πf2
(2.6)

For reasons of completeness, the timing noise power spectral densityL∆t(f) is a equivalent representation of the
timing jitter, and correlates with the timing phase noise power spectral density via L∆t(f) = (2πνrt)

−2Lψ(f).
While Lψ(f) measures the timing jitter relative to the pulse repetition rate, L∆t(f) is an absolute measure of
timing jitter [93]. Additionally to the timing jitter in amplitude-modulated combs, an amplitude jitter can
be defined. The amplitude jitter provides a measure of the peak power fluctuations of consecutive pulses. It
cannot be defined for frequency-modulated combs due to their quasi continous-wave emission characteristics. A
detailed discussion on the noise contributions in semiconductor comb lasers will be considered in section 4.3.1.

2.3 Gain, Absorption & Group Delay Dispersion

2.3.1 Modal Gain

Gain in general describes the amplification factor of the active medium of the laser per length when light has
travelled through the medium:

Pout = Pin · eg·L ⇔ g =
1

L
ln

(

Pout

Pin

)

(2.7)

with L the length travelled, Pin the power irradiated into the medium and Pout the resulting power. This value
g is called the material gain [94]. If one also considers the laser cavity one has to account for a confinement
factor Γ and the waveguide losses αw=αi + αm. Waveguide losses consist of internal losses αi for example by
scattering and the mirror losses αm on each facet of the cavity. This parameter is called the modal gain [95, p.
94]:

G = Γg + αw. (2.8)

Finally, in order to separate internal and mirror losses, αm is subtracted. This results in the parameter of the
net modal gain [96, 97]:

GNet = G− αm. (2.9)

The mirror losses are defined as

αm =
1

2L
ln (R1R2) =

ln(R)

L
(2.10)

withR1 andR2 the reflectivities of the facets, or in the case of similar reflectivities justR [96, 98]. As mentioned
before, the gain is an important parameter for mode-locking as the maximum gain value determines the
attainable optical power while the shape of the gain spectrum determines the spectral bandwidth [99, p.
264]. As short pulses require a large spectral bandwidth, the active medium of the laser needs to support a
large bandwidth as well. An equally important role does the gain saturation play. Similar to the saturation
of the absorber, the gain section cannot provide an arbitrary amount of energy to a pulse. Thus, for high
injection current densities, and thereby high optical powers, the gain does increase slower than for low
current densities [99, p. 43]. Whether this regime can be experimentally accessed, or not, depends on the
lasing threshold current density, since at the lasing threshold the cavity losses through the mirror facets
and scattering are just compensated by the gain and a further increase in the injection current density only
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increases the output power but not the gain, which is commonly referred to as gain clamping [100]. The
contrast of the differential gain dG/dJ (with J being the current density) at low current densities, and at
the lasing threshold, is an important aspect in the interactions allowing stable mode-locking. Suggested by
Lin et al. [76], it determines the ratio of the saturation energies and absorption and emission rates in the
saturable absorber and in the gain section [74–76]. In the early days of mode-locking in quantum dot lasers,
mode-locking was attributed to optical pulses and frequency-modulated combs where nearly unexplored in
semiconductor lasers. This left the question if this metric refers only to amplitude-modulated combs or if it
could also be valid for frequency-modulated combs producing no pulses or quasi continuous-wave emission
and will be discussed in the Appendix of this thesis.
Since the net modal gain contains the constant offset of the internal losses, their value can be extracted from
the long wavelength limit of a measured net modal gain spectrum [101]. For long wavelengths, the photon
energy is below the bandgap energy of the material [102] and therefore neither absorption, nor emission
takes place. Solely wavelength-independent loss by light being scattered out of the active region [103] occurs.

2.3.2 Modal Absorption

Absorption describes negative gain values, therefore, the same differentiation is needed here. In the following,
it will always be referred as net modal absorption representing a negative value of the net modal gain, following
[101, 102]. Absorption is sometimes defined as positive ([76, 96, 104]), but for a more consistent comparison
of forward biased with reverse biased measurements, the sign is kept negative during this thesis. Absorption
is crucial to achieve amplitude-modulated combs or passive mode locking, as discussed in section 2.2.6.

2.3.3 Material Group Delay Dispersion

This section describes the material intracavity group delay dispersion (GDD) of semiconductor materials. The
GDD of the generated optical waveform by mode-locking is a different parameter and will be addressed briefly
in the next paragraph and in more detail later (see section 4.3.6). A light pulse travelling one round trip
through the resonator experiences a phase shift. Since the refractive index of the medium is wavelength
dependent this phase shift ∆φ relative to the phase of the central wavelength is also wavelength dependent:

φ(β) = ∆φ(β) + φ0 = 4πβLn(β). (2.11)

with the relative phase ∆φ, a constant offset φ0, the wavenumber β and the cavity length L. In this case,
second order dispersion is considered, the GDD, as the second derivative of the phase, thereby eliminating
the constant offset. As such, dispersion leads to a broadening of the pulse and chirping that counteracts the
shortening of the saturable absorber [105] or even prevents pulse generation at all [106]. Positive GDD values
correspond to a normal dispersion, negative to an anomalous dispersion. To achieve optimal short optical
pulses, a GDD of zero is desirable [105]. When considering mode-locked lasers, it is important to differentiate
between the chromatic dispersion of the laser device and the pulse dispersion observable in mode-locking
operation above lasing threshold [107]. While the first one is a material property of the waveguide, the second
one is determined by the interactions of the electric field with the waveguide GDD and self-phase modulation
during mode-locking [8, 108]. This leads to a difference in the measured magnitude of material GDDmeasured
below threshold and the pulse GDD above threshold for mode-locked lasers [22]. The material intra-cavity
GDD is of the order of 1000 to 10000 fs² while the GDD of the generated waveform being can be 106 to 107

fs² (see Table 4.2). The GDD of a laser device can be influenced by applying additional components of known
GDD to the laser cavity, internally or, for example, by a layer stack forming a Gires-Turnois mirror [105, 107,
109]. GDD results will be presented in section 4.2.2.
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2.3.4 Linewidth Enhancement Factor

The linewidth enhancement factor (LWEF), also called Henry or Petermann factor, is a specific parameter of
semiconductor lasers determined by the electrical susceptibility coupling amplitude and phase (the corre-
sponding real and imaginary part) [99]. It relates the phase changes with carrier density to changes in the
gain with carrier density and was introduced by Henry [110] to cause a broadening of the laser line width in
a single mode semiconductor laser. The LWEF is defined by the following relation:

LWEF =
4π

λ

dn/dN

dg/dN
(2.12)

with dn/dN the change of the refractive index with carrier density and dg/dN the change of the gain with
carrier density. It can also be calculated from the corresponding change of the central wavelength λcen[72]:

LWEF =
4πn

λ2
cen

δλcen/δJ

δg/δJ
(2.13)

where the carrier density N is replaced by the current density J . The typically high value of the LWEF in
semiconductor lasers between 2 and 7 [99, p. 34], compared to, e.g. solid-state lasers is due to the special band
structure of the electronic levels in the semiconductor material and the corresponding specific dependence
of the complex electric susceptibility on the carrier concentration [99, p. 42], [111, p. 216]. Although the
LWEF can describe many trends in the emission of single mode semiconductor lasers, e.g. the optical feedback
sensitivity, it yet remains unclear whether it is a valuable parameter in the context of semiconductor comb
lasers [112]. Experimental results for quantum dot lasers will be presented in section 2.3.4.
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3 Semiconductor Lasers for Comb Generation

This chapter presents the semiconductor lasers investigated during this thesis for comb generation. Central
emission wavelengths λcent range from 1.07µm to 3.3µm. For each laser material and active region structure
and geometry, briefly, the underlying motivation, followed by a literature status quo, focussing on optical
frequency comb generation, and then, the laser geometry and epitaxial structure is provided.

3.1 InAs/InGaAs Quantum Dot based Lasers for comb generation at 1.26 μm

Status quo The first demonstration of an amplitude-modulated comb, generated by a two section passively
mode locked quantum dot laser, was reported in 2001, with approximately 17 ps pulses at a wavelength of
1.3 μm and at frt=7.4GHz. The active region consisted of two InAs quantum dots in a well layers separated
by GaAs grown on a GaAs substrate [113]. Later, in 2003, hybrid mode-locking, by electrical modulation of
the laser at frt, was reported in quantum dot lasers [114]. In 2004, 10 ps short, Fourier-transform-limited
optical pulses were reported in a quantum dot laser at frt=18GHz [115]. In 2004, sub-picosecond short
pulses (390 fs) were reported in two-section straight waveguide quantum dot lasers [66, 116]. Five years
later, this value was improved to 360 fs short pulses generated by a laser with a tapered waveguide design
and frt=20GHz [74]. In 2019, 493 fs short pulses were reported by a tapered three-section waveguide design
at frt=13GHz. Theoretical modeling allowed to explain a new pulse shaping mechanism [117]. Round
trip frequency line widths as low as 27 kHz [118], 23 kHz [117], 19 kHz [119], 18 kHz [120], 10 kHz [74],
2 kHz [92] and 500Hz, with an amplitude jitter below 2% for a quantum dot mode-locked laser [121], have
been reported [74, 92, 116–122]. A short overview on reported shortest pulses and lowest radio-frequency
line widths to date is provided in table 3.2. The highest round-trip frequency reported so far by a two-section
quantum dot laser amounts to 80GHz [123]. Experimentally, frequency-modulated comb operation in quan-
tum dot lasers was first proved in 2020 [5] and the literature on quantum dot frequency-modulated combs is
yet scarce, however, will be expanded on section 4.3.6.

Aim Systematic studies of the ratio of absorber to total length (ATTL) dependence on temporal and radio-
frequency domain mode-locking characteristics of quantum dot comb lasers are yet pending. The goal is here
to generate optical pulses with around a picosecond width, simultaneously with low timing phase noise. Gain,
Absorption, GDD, LWEF characteristics are experimentally identified which are required in order to improve
the understanding of the generation of ultra stable optical frequency comb lasers with low RF line widths in
the sub-kHz region. Demonstration of frequency-modulated and amplitude-modulated comb generation on
demand, will be shown in section 4.3.6.

Laser structures for frequency comb generation

The active region of the quantum dot laser structures used in this work is a dots-in-a-well (DWELL) struc-
ture (see section 2.2.2) consisting of 10 layers of self-assembled InAs/InGaAs quantum dots. The epitaxial
structure is schematically shown in Figure 3.1.
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Figure 3.1: (a) Layer structure of the quantum dot laser materials (medium doped, do2073). In the undoped
device layer 7 is undoped. In the strongly doped device layer 7 has a doping concentration of
5·1017 dopants per cm3. The active region is coloured in light grey.(b) Schematic of the front view
of the epitaxial laser structure showing a ridge waveguide. BCB is benzocylobutene and is used
to planarize the semiconductor interfacial layers. Graphic edited from [124].

The quantum dot layers are separated by 35nm thick GaAs barriers which can be undoped (do1790) or
doped with an additional p-doping concentration of 3·1017 dopants per cm3 (do2073, medium doped) or
5·1017 dopants per cm3 (do2074, strongly doped). The active region is surrounded by p-AlGaAs and n-AlGaAs
cladding-layers, each 1.5µm thick. The structure has a 500nm n-GaAs buffer on the bottom and a 200nm
p-GaAs contact layer at the top. The material is fabricated into ridge waveguide lasers to confine the optical
mode field. Facets were left as-cleaved leading to a reflectivity of 32% on both facets and two electrically-
isolated sections were fabricated. In Figure 3.2(a) a light microscope picture of one exemplary two-section
quantum dot laser is displayed (ATTL ratio of 13.8%).

Figure 3.2: (a) Two section 2mm long quantum dot laser (QD11). The two sections are wire bonded and
electrically isolated. The light collection side is at the gain section on the right. (b) Single section
2mm long wide ridge quantum dot laser (QD25). (c) Single section 1mm narrow ridge quantum
dot laser (QD24).

The length of the two electrically isolated sections has been systematically varied and two-section devices
were fabricated. Absorber to total cavity length (ATTL) ratios ranging from 3.7% up to 25.3% were fabricated,
extending two-section quantum dot lasers reported in literature on both towards lower and higher ATTL ratios.
The emitted laser wavelengths are centered at λcent ≈1.26µm during room temperature laser operation. An
overview of the two-section devices with systematic choice of ATTL ratios is given in table 3.1.

Laser structures for frequency-modulated comb generation & ultrafast modulations In addition to the
two-section lasers in table 3.1, two single section quantum dot lasers will be investigated in section 4.4 and
the Appendix. One laser is a single-section 1mm long quantum dot laser (QD24) (Light microscope picture
in Figure 3.2(b)) emitting at a wavelength of around 1255nm and consisting of 10 layers of InAs quantum
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dots separated by GaAs barriers and incorporated into an AlGaAs waveguide [125], a similar epitaxial layer
structure as do1790. The ridge stripe width of the as-cleaved laser is 6µm. The other laser is a single-section
2mm long quantum dot (do1790) broad area laser (QD25) with a ridge stripe width of 50µm (Light micro-
scope picture in Figure 3.2(c)).

Table 3.1: Geometry of the investigated two-section quantum dot laser structures for optical frequency comb
generation. The ATTL ratio describes the absorber-to-total length ratio. For QD6 and QD19, the
laser light will be collected at the absorber section facet.

identifier wafer total length absorber length waveguide width ATTL ratio
(mm) (µm) (µm)

QD1 do1790 1.911 70 5 3.7%
QD2 do1790 1.9845 126 5 6.3%
QD3 do1790 2.0335 154 5 7.6%
QD4 do1790 2.0825 210 5 10.1%
QD5 do1790 2.009 238 5 11.8%
QD6 do1790 2.009 238 5 11.8%
QD7 do1790 1.986 310 5 15.6%
QD8 do1790 2.000 375 5 18.8%
QD9 do1790 1.963 460 5 23.4%

QD10 do2073 1.890 110 5 5.8%
QD11 do2073 1.740 240 5 13.8%
QD12 do2073 2.002 318 5 15.9%
QD13 do2073 2.020 402 5 19.9%
QD14 do2073 2.065 491 5 23.8%
QD15 do2073 1.980 500 5 25.3%
QDX do2073 1.026 133 5 13.0%

QD16 do2074 1.860 70 5 3.8%
QD17 do2074 2.010 210 5 10.4%
QD18 do2074 2.010 280 5 13.9%
QD19 do2074 2.010 280 5 13.9%
QD20 do2074 1.966 286 5 15.5%
QD21 do2074 2.060 360 5 17.5%
QD22 do2074 1.987 386 5 19.4%
QD23 do2074 2.060 504 5 24.5%

Laser structures for gain measurements For the gain measurements in section 4.2.2, three different devices
are used with similar dimensions, and one of each quantum dot material presented before. The undoped
device (QD26) is 1950µm with an absorber of 110µm long. The medium doped device (QD27) is 2017µm
with an absorber of 108µm long and the strongly doped device (QD28) is 1970µm with an absorber of 95µm
long. For all these devices the light is collected at the absorber facet.

17



Laser structures for mutual synchronization In a final step, two two-section lasers consisting of 5 layers
of InAs/InGaAs quantum dots will be investigated in section 4.5.5. The quantum dot epitaxial structure is
grown on a GaAs substrate using molecular beam epitaxy. The active region consists of 5 identical layers
of InAs quantum dots separated by 33nm GaAs barriers and incorporated into an AlGaAs waveguide with
35% Al content. The details on the growth can be found in [126]. Both cavity lengths nominally amount
to 2mm including a 0.25mm long absorber section at the back facet (ATTL ratio of 12.5%). The facets are
anti-reflective (front facet) and high-reflective (back facet) coated. The two lasers will be denoted QDA and
QDB in this thesis. Light microscope pictures of different quantum dot lasers used in this thesis are given in
Figure 3.2.

3.2 InAs/InGaAs Quantum Dot on Silicon based Lasers for comb generation at
1.31 μm

Status quo Since the first demonstration of light amplification and lasing in silicon by stimulated Raman
scattering [127, 128], the interest in light generation on silicon [129, 130] has been strongly increasing.
Lasing of self-organized quantum dots on silicon as dislocation filters have been demonstrated under pulsed
mode in 2006 at an emission wavelength of 1100 nm [131]. Continuous-wave laser emission by quantum dots
at 1310 nm was demonstrated in 2010 by metal-organic chemical vapor deposition and layer-transfer onto a
silicon substrate by GaAs/Si wafer bonding [132]. In 2011, continuous-wave laser emission by direct growth
of quantum dots on a silicon (100) substrate emitting at 1310 nm has first been demonstrated [133]. Recently,
a 6.7mA record low threshold quantum dot laser on silicon with continuous-wave output has been shown [134].

In 2007, a monolithic passively mode-locked two-section quantum well laser was demonstrated on silicon via
wafer bonding generating 4 ps short pulses at frt=40GHz [135]. Optical pulse train generation by a passively
mode-locked III-V on silicon quantum well laser with continuous-wave optical injection at frt=30GHz and with
an RF line width of 150 kHz was demonstrated where the pulse width had been derived to be 3 ps [136]. A
tapered waveguide quantum well on silicon laser emitting optical pulse widths as low as 900 fs at a frt=20GHz
and 1.1 kHz RF line width has recently been reported [137]. First demonstration of amplitude-modulated
comb operation by passive mode-locking of a quantum dot laser directly grown on on-axis(001) silicon with
pulse widths of 1.3 ps has been demonstrated at frt= 9.1GHz and RF line widths as narrow as 80 kHz [138].
In that work, 4.5mm long lasers with ATTL ratios from 3% up to 23% of the total laser length have been
investigated and shorter pulses for longer absorber section lengths have been reported. Subsequently, self
mode-locking operation of a quantum dot on silicon laser without the need of any saturable absorber with
490 fs short optical pulses has been claimed and reported with frt=31GHz and ∆frt=100kHz [139]. This
claim will be addressed in more detail in chapter 4.4. The lowest round trip frequency line width of a passively
mode-locked quantum dot laser directly grown on silicon to date amounts to∆frt=1.8 kHz at frt=20GHz [23]
and to frt=400Hz at frt=9.1GHz [140]. Table 3.2 briefly summarizes reported performance of monolithic
multi-section amplitude-modulated quantum dot comb lasers including quantum dot on silicon lasers and
quantum dot lasers grown on GaAs substrate.

Laser structures for sub-500Hz radio-frequency line width generation The investigated quantum dot on
silicon laser used in this thesis consists of a five-stack InAs/InGaAs dots-in-a-well structure. A light microscope
picture of the chip is depicted in Figure 3.3(a). Its epitaxial growth was completed on an on-axis (001) silicon
substrate with a 45 nm GaP buffer layer by solid-source molecular beam epitaxy [138] with the layer structure
given in Figure 3.3(b). The active region consists of five layers of InAs/InGaAs quantum dots-in-a-well with
5·1017 cm−2 p-modulation doped GaAs spacer layers. The dot density is around 6·1010 cm−2. Facets were left
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Figure 3.3: (a) Quantum dot on silicon laser chip. The light microscope picture shows 15 lasers each of total
length 4.5mm on one chip with different ATTL ratios ranging from 3% to 23%. In this thesis solely
focuses on the laser with an ATTL ratio of 18%. (b) Epitaxial layer structure. (c) Schematic of the
quantum dot on silicon laser [138].

as-cleaved. The total length of the laser was designed to be 4.5mm with an ATTL ratio of 18%. The isolation
length between gain and absorber section is 5µm (isolation resistance > 10kΩ). The emitted wavelength
is around 1.31µm at room temperature. The laser was fabricated as a ridge waveguide laser with a ridge
width of 3µm deeply etched down to the n-contact GaAs layer. Parallel N-metal contacts were placed on both
sides of the ridge to ensure current injection uniformity. These were connected via N-probe metal bridges
across the ridge, insulated from the p-contact layer (GaAs) by an insulation layer (SiO2). The schematic laser
structure is depicted in Figure 3.3(c). Details on the structure can be found in [138, 140].
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Table 3.2: Performance of monolithic amplitude-modulated quantum dot comb lasers with focus on low
round trip frequency line width and low pulse width.

Substrate Wavelength Round trip Round trip frequency Pulse Year Reference
λcent frequency line width width
(µm) (GHz) (kHz) (ps)

Si 1.31 20 1.8 5 2019 Liu et al. [23]
Si 1.31 9.1 80 1.3 2018 Liu et al. [138]
Si 1.31 9.1 0.4 1.7 2019 Auth et al. [140]

GaAs 1.28 20 10 0.36 2009 Thompson et al. [74]
GaAs 1.26 21 - 0.39 2007 Ravailov et al. [116]
GaAs 1.26 13 23 0.49 2019 Meinecke et al. [117]
GaAs 1.3 5 27 10 2010 Lin et al. [118]
GaAs 1.26 5 19 4 2013 Drzewietzki et al. [119]
GaAs 1.26 16 18 1.4 2015 Weber et al. [120]
GaAs 1.3 8 2 2 2008 Kefelian et al. [92]
GaAs 1.3 10 0.5 4.5 2009 Carpintero et al. [121]

3.3 InAs/InP Quantum Dash based Laser for comb generation at 1.55 μm

Status quo Experimentally, phase-locking of modes or comb carriers around 1550nm has been reported
for monolithic semiconductor lasers based on InAs/InP quantum dashes with 30 to 40 comb lines within
a -3 dB range of 10nm to 14nm and cavity lengths of 1mm [8, 141–143] generating up to 80 comb lines
across 14 nm at a cavity length of 2mm [143]. For quantum dash comb lasers, reported round trip frequency
line widths range from 10kHz to 40 kHz for 1mm long [8, 88, 141] and from 30kHz to 50 kHz for 2mm
long structures [8]. The state-of-the-art round trip frequency line width for quantum dash lasers is shown
in table 3.3 and ranges from 630Hz to 100 kHz [8, 88, 141, 143–146]. All the quantum dash laser emit
multimodal laser emission centered between 1537nm and 1593nm which corresponds to the telecom C-
band and L-band for long range communication applications. A short literature overview on quantum dash
frequency-modulated comb lasers and their performance is given in table 3.3.

Table 3.3: Narrowest round trip frequency line widths of frequency-modulated quantum dash comb lasers
Year Length λcent Round trip Round trip frequency Reference

(mm) (nm) frequency (GHz) line width (kHz)

2018 2.03 1550 20 100 Asghar et al. [145]
2012 1.82 1570 23 100 Rosales et al. [8]
2010 4 1550 10 30 Akrout et al. [147]
2014 1 1540 40 22 Joshi et al. [141]
2012 0.89 1570 48 20 Rosales et al. [8]
2016 1.24 1540 34.5 17 Panapakkam et al. [88]
2016 1.24 1537 34.5 17 Vujicic et al. [148]
2020 1.227 1550 34.2 1.7 Liu et al. [146]
2012 4 1593 10.6 0.63 Dontabactouny et al. [144]

Laser structures for frequency-modulated comb generation in the telecom L-band The optical frequency
comb quantum dash laser structures used in this thesis exhibit a typical height and width of the dashes of
∼ 2nm and ∼ 15− 20nm, respectively. The dashes were grown by gas source molecular beam epitaxy on
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(110) InP substrates using the self-organized Stransky-Krastanov growth mode at III-V lab. Dash lengths range
from 40 to 300nm, depending on the growth conditions, and their surface density is between 1×1010 and
4×1010 cm−2 (see Ref. [60, 149]). The dash-in-a-barrier structure with the InAs quantum dashes, embedded
within an InGaAsP quantum well, and separated by InGaAsP are directly enclosed in InGaAsP barriers has
been grown [149], with optical confinement provided by two InGaAsP separate confinement heterostructure
layers. The facets of the buried ridge stripe Fabry-Perot laser structure with 9 layers of quantum dashes are
as-cleaved. The emitted wavelength is around 1.55µm at room temperature. A light microscope picture is
given in Figure 3.4(a). The epitaxial layer structure is given in Figure 3.4(b). Figure 3.4(c) shows simulations
of the near field transverse mode profile with the software ALCOR from France Telecom/CNET taken from [60].
The stripe width should confine the optical mode so much that single transverse mode operation is guaranteed.
For the quantum dash devices the stripe width is calculated to be 2µm.

Figure 3.4: (a) Light microscope picture of the quantum dash laser chip. Four lasers are visible and wire
bonded. (b) Epitaxial layer structure. SCH is the separate confinement heterostructure confining
the active region. The active region (pink) is repeated nine times. Graphic taken from [60]. (c)
Simulated near field transverse mode profile. Graphic taken from [60].

3.4 InGaAs Quantum Well based Lasers for comb generation at 1.07 μm

Status quo Monolithic amplitude-modulated semiconductor quantum well lasers with multi-GHz round trip
frequencies 1.07 μm bear application potential as robust and compact laser sources in nonlinear imaging [150,
151] or for photonic transmission systems at high data rates in the 1-µm waveband [152]. Amplitude-
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modulated comb generation by passive mode-locking with straight or tapered waveguide geometries is a
successful concept for high-power short-pulse generation. Pulse widths ranging from 0.49 ps to 0.78 ps within
a wavelength range from 795nm to 1550nm have been reported [153–159]. Timing stability improvements
by optimization of the epitaxial quantum-well structures of quantum-well mode-locked lasers emitting at
1550nm have been reported. By reducing the number of quantum-wells from 5 to 3, a reduction of the
-10 dB radio frequency line width from 7.76MHz to 620 kHz has been achieved at round trip frequencies
of around 35GHz [154]. For a triple-quantum-well amplitude-modulated comb laser with a round trip
frequency of 10GHz a -3 dB radio frequency line width of 2 kHz has been reported [160]. For quantum-well
amplitude-modulated comb lasers emitting at around 1.07 μm round trip frequency line width studies with
line widths below 100 kHz for a DBR laser diode [161] and of 20 kHz for a Fabry Perot cavity [162] have been
conducted. A timing jitter of 120 fs has been obtained for a triple-quantum-well laser designed for photonic
transport systems in optical communication applications [152].

Laser structures for pulse generation with high pulse peak powers The investigated quantum well semi-
conductor comb lasers (QW1 and QW2) in this thesis are both monolithic multi-section ridge waveguide lasers
with a narrow ridge width of 4µm consisting of 30 individual and 100µm long electrically isolated sections.
Individual sections are electrically connected to form the gain and absorber section. The total cavity length
amounts to 3mm with an absorber section length of 0.3mm. The active region consists of an InGaAs double
quantum well structure embedded in GaAsP spacer layers. The emitted wavelength is around 1.07µm at room
temperature. The facets of the as-cleaved laser are not coated, thus the front and rear facet reflectivities are
around 32%. A light microscope picture of the quantum well laser used in this thesis is given in Figure 3.5(a).
In Figure 3.5(b) the layer structure is displayed.

Figure 3.5: (a) Light microscope picture of the quantum well laser. Individual sections are bonded together
to form the gain and absorber section. (a) Layer structure of the quantum well laser material.
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3.5 InP Quantum Well based photonic integrated circuit ring laser for comb
generation at 1.55 μm

Status quo Photonic integrated circuits including passively mode-locked lasers are small-footprint optical
frequency comb sources which feature individual designs but are still affordable for research groups due to the
concept of multi-project wafer runs [163]. On-chip generation of one or multiple optical frequency combs en-
ables use in spectroscopic experiments and remote distance sensing with minimized footprints [164–166]. One
way to realize optical frequency combs lasers on photonic integrated circuits using the standard building blocks
of an open-access multi-project-waver run foundry are extended cavity ring layouts [165, 167–171]. They are
promising compact sources for generating coherent optical frequency combs and ultra-short optical pulse trains
for metrology, spectroscopy and millimeter wave/terahertz applications [137]. Compared to their Fabry–Pérot
counterparts [172–174], mode-locked semiconductor ring lasers feature the intrinsic mirror symmetry with
respect to the central saturable absorber and therefore allow for colliding pulse mode-locking [165, 167,
169, 175–177]. By doubling the pulse-narrowing effect, colliding pulse mode-locking is expected to decrease
the pulse width and improve the pulse train stability [178, 179]. Favored by the effect of colliding pulse
mode-locking within the saturable absorber region within the ring lasers [172] and missing optical isolator
building blocks, generally optical pulse trains in clockwise and counterclockwise direction within the resonator
are observed simultaneously [165, 167–170] but efforts are made to achieve unidirectional operation [171].
In early works, a monolithic passively mode-locked GaAs/AlGaAs quantum well based semicondcutor ring laser
emitting at 860 nm with a 1mm radius and a single absorber yielded oscillations at 80MHz to 110MHz with
an round trip frequency line width of 50 kHz [180], a monolithic passively mode-locked GaAs/AlGaAs quantum
well based ring laser emitting at 874 nm with a 0.15mm radius and a single 50µm long absorber yielded 1.3 ps
short optical pulses at a round trip frequency of 86GHz [175]. A passively mode-locked InP quantum well
photonic integrated circuit symmetric ring laser emitting at 1583nm with 33mm length and a single 50µm
long absorber fabricated using an InP generic integration technology platform generated 9.8 ps short optical
pulses at a round trip frequency of 2.5GHz with a round trip frequency beat note line width of 6.13 kHz and
optical spectral widths exceeding 3 nm [165]. A photonic integrated circuit InP generic integration technology
platform based passively mode-locked quantum well semiconductor ring laser emitting at 1544nm with
4mm length and a single 30µm long absorber yielded estimated 5.6 ps short optical pulses (Gaussian fit to
Gaussian-shaped pulse) and 0.9 ps (sech2-fit to pulse signature) at a round trip frequency of 20GHz with a beat
note line width of 800 kHz [170]. A passively mode-locked InP quantum well semiconductor ring laser with a
symmetric ring colliding pulse mode locking geometry on a photonic integrated circuit with 3mm length and a
single 40µm long absorber emitting at 1565 nm generated 1.9 ps short optical pulses at a round trip frequency
of 12GHz with a beat note line width of 390 kHz (-10 dB), and spectral widths exceeding 40 nm (-20 dB) [167].

Laser structures for ultra-short pulse generation The investigated laser in this thesis is a semiconductor
ring laser with extended cavity symmetric ring colliding pulse mode locked geometry employing two absorber
sections and fabricated using an InP active-passive generic integration technology platform. The cavity design is
point symmetric and schematically depicted in Fig. 3.6(a). It comprises four 300µm long semiconductor optical
amplifiers (SOAs), two 30µm long saturable absorbers (SAs) and four electro-optic phase modulators (EOPMs).
Both SOA and SA sections use the same active layer stack, based on InGaAsP/InP quantum well gain media.
The passive straight and curved waveguides form the circulating extended cavity resonance path. The passive
waveguides are deeply etched, of 1.5µm width, minimum bending radii of 100µm and propagation losses
are of the order of 1 dB/cm. Two 2x2 multimode interference (MMI) couplers provide the optical output
from the cavity in both, the clockwise (CW) and counter-clockwise (CCW), propagation directions through
the output waveguides 1-4 at the edge-cleaved emission facet at the right-hand side. The ring cavity length
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Figure 3.6: (a) Layout of the InP dual-absorber ring laser [169]. Blue: Passive straight and curved waveguides.
Green: Active components such as SOA-based gain sections (SOA), absorber section (SA), booster
amplifier (Boost), and phase modulators (EOPM), and passive components such as multimode
interference (MMI) couplers. Red: Metal routing. (b) Light microscope picture. Two DC input
signals (ISOA and VSA) bias the active sections. Laser emission is coupled by a lensed fiber.

amounts to ≈3.5 mm, corresponding to a round trip frequency of 23GHz (refractive index of 3.7). The entire
photonic integrated circuit laser design occupies an area of (2.1 x 0.75)mm2. The laser was fabricated within
a multi-project wafer run through the Jeppix foundry coordinator at SMART Photonics with a predefined
layer stack [181]. To simplify the operation of the device and avoid breaking the symmetry, the contact
pads of the pair of SAs are shorted on the chip. The four SOAs are electrically connected by metal routing.
Therefore, the four gain sections are forward-biased with a combined gain current ISOA through one DC
probe. Similarly, the two SAs are reverse-biased at the same voltage level VSA by a second DC probe. The
EOPMs are left unbiased. A 200µm long SOA (Boost) is located prior to waveguide Out 3 and can be forward
biased by IBOOST to amplify the chip output power when necessary. To minimize parasitic back-reflections,
the four output waveguides, corresponding to CW and CCW propagation directions of each 2x2 multimode
interference (MMI), are tilted upwards by 7 ◦ as shown in Fig. 3.6(a). The cleaved facet is anti-reflection coated
reducing the power reflection coefficient to <10−4. Signals Out 1 and Out 3 (with booster) correspond to the
CCW propagating pulse train, while Out 2 and Out 4 allow access to the CW direction. A light microscope
picture of the chip is depicted in Figure 3.6(b) with two DC input signals (ISOA and VSA) to bias the active
sections. Laser emission is coupled by a lensed fiber.

3.6 InAs/GaInSb Interband Cascade Laser for comb generation at 3.3 μm

Status quo In 2017 optical frequency comb generation emerged in interband cascade lasers. A review on
optical frequency comb generation in interband cascade lasers can be found in [65]. All publications on
interband cascade frequency comb operation are summarized in Table 3.4. The lowest round trip frequency
line width reported in literature is 350Hz at a round trip frequency of 9.7GHz at a wavelength of 3.6µm [21].

Laser structure for mid infrared dual comb spectroscopy The 7-stage interband cascade optical frequency
comb laser investigated in this thesis is emitting around 3.3µm and has a total length of 4mm, of which
the absorber section length is around 2.5% and is grown by molecular beam epitaxy on a n-GaSb (100)
substrate [182]. The round trip frequency signal is extracted directly from the interband cascade lasers short
absorber section by a high-frequency ground-signal-ground probe tip (bandwidth 50GHz) and a bias tee
(bandwidth 100 kHz - 18GHz). A light microscope picture is shown in Figure 3.7(a). The laser is fabricated as

24



a ridge waveguide laser with a ridge width <4µm. A schematic is depicted in Figure 3.7(b) with a scanning
electron microscope picture of the front facet in Figure 3.7(c). The ridge width is chosen to support only a
single lateral mode. To prevent current spreading, the deep etch proceeds to a depth below the active stages
and near-vertical sidewalls with reduced roughness are realized [183].

Table 3.4: Frequency-modulated interband cascade comb laser demonstrations in chronological order

Year Wavelength round trip round trip frequency Reference
(µm) frequency line width

2017 3.2 19.2GHz - Sterczewski et al. [13]
2018 3.6 9.7GHz 700Hz Bagheri et al. [183]
2018 3.3 13.2GHz 180 kHz Feng et al. [184]
2019 3.6 9.7GHz 500 kHz Sterczewski et al. [185]
2019 3.6 9.7GHz 350Hz Sterczewski et al. [21]
2019 3.8 10.2GHz 4 kHz Schwarz et al. [14]
2019 3.8 10.2GHz - Hillbrand et al. [186]
2020 3.6 9.7GHz - Sterczewski et al. [22]
2020 2.7 13.2GHz 30 kHz Feng et al. [187]
2020 3.2 13.2GHz 100 kHz Feng et al. [187]

Figure 3.7: (a) Light microscope picture of the interband cascade laser. A short absorber section at the
end is used as a detector. Electrical contacts are located so that a ground-signal-ground probe
can be placed for ideal radio frequency signal extraction. (b) Front facet view of the interband
cascade laser. Graphic taken from [65]. The interband cascade active region is sandwiched
between high-index layers (SCL). (c) Scanning electron microscope picture of the front facet of
the interband cascade laser comb. Graphic taken from [65].
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4 Experimental demonstrations, Modeling results &
Discussion

4.1 Beat note spectroscopy & dispersion: Results & Techniques

4.1.1 Challenges & Measurement of optical phases

The measurement of ultrashort optical pulses is a challenging task. At timescales of picoseconds and sub-
picoseconds, the sampling of the pulseform with an even shorter event is not possible, because shorter
controllable events do not exist [188]. A first method is therefore to employ the pulse itself in a set-up based
on a Michelson interferometer. Nonlinear intensity auto-correlation (AC) splits the pulse into two different
paths, varies the path length of a single path, and then measures the auto-correlation of the intensity of two
pulses depending on the time delay. Second-harmonic generation (SHG) is used. Both pulses are overlapped in
a non-linear crystal, that generates a signal by SHG. With increasing overlap, the SHG intensity increases. By
going into the nonlinear crystal at an angle and measuring only the SHG intensity of the combined beams, the
intensity drops to zero, when the pulses do not overlap, and is at its maximum, at full overlap (non-collinear
or intensity AC). Intensity AC is a commonly applied and straightforward technique. Its disadvantages are,
that the real waveform remains unknown. SHG AC traces are always symmetric and it is only possible to
determine the pulse width, without details on the real shape of the optical pulse. Additional, effects as the
coherence spike (see chapter 4.1.4) [189] can render intensity AC unreliable. Most importantly, SHG AC is
unable to identify frequency-modulated combs, as it is phase insensitive.

A technique developed by R. Trebino and D. Kane [190] enhances the simple intensity AC technique by spec-
trally resolving the AC signal for every time delay with the help of a spectrometer. It is called frequency resolved
optical gating (FROG). Advanced methods like GRENOUILLE (Grating eliminated no-nonsense observation of
ultrafast incident laser light E-fields) use a thick SHG crystal to split light of different wavelengths like in a
prism. The resulting intensity is detected by a camera [191]. Measuring frequency resolved AC traces enables
the reconstruction of the pulse form. However, in the near infrared part of the optical spectrum, FROG has its
downsides. This technique is limited by the crystal bandwidth and the SHG sensitivity. The output power of
semiconductor lasers is low compared to solid-state laser systems. As the light generated by SHG must be
spectrally resolved with a spectrometer, the available intensity for the measurement is much lower compared
to intensity AC, which is why FROG for semiconductor combs is experimentally challenging. Nevertheless, it
was implemented to characterize the pulses of amplitude-modulated quantum dash lasers [192] and quantum
dot lasers [193]. For the devices investigated in this thesis, a specialized crystal for each laser had to be used
to account for sufficient SHG intensity. This is the reason why another technique will be used in for phase
reconstruction of optical comb lines.

In comparison to the methods relying on non-linear effects, M. W. Day et al. [194] proposed a method where
the phases are retrieved by combining the light output of the observed comb with that of another frequency
comb in a method called cross-correlation dual comb measurement. It requires a very stable reference comb.
Additionally, the prove of phase coherence is challenging, as it requires a gas absorption cell for calibration
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reasons and a complex noise correction scheme [194]. Additionally for each laser investigated in this thesis a
second highly stable laser for phase retrieval would be needed due to the broad spectral coverage of devices
investigated in this thesis.

Shifted wave interference Fourier transform spectroscopy (SWIFTS) is a beat note spectroscopy method
developed by D. Burghoff [195]. SWIFTS is a linear AC technique that allows timing reconstruction by
measuring the intermodal phases of the comb lines. It requires only a few µW laser power in the near infrared
spectral region and provides a simple prove for coherence across laser modes. It also allows proving frequency-
modulated comb operation and is not depending on SHG processes leading to a broad band applicability.
Table 4.1 displays the different measurement techniques and compares the features and their requirements.

Table 4.1: Displayed are the different methods for ultrashort pulse measurement. It is compared whether a
technique allows phase retrieval, uses a SHG crystal or needs an interferometer.

Method Phase retrieval SHG crystal Interferometer Broadband use

Intensity AC ✓ ✓ ✓

FROG ✓ ✓ ✓

GRENOUILLE ✓ ✓

SWIFTS ✓ ✓ ✓

4.1.2 Shifted Wave Interference Fourier transform spectroscopy

The following section will cover the basic principles behind the SWIFTS technique which will be used in
section 4.3.6, section 4.5.4, section 4.1 and section 4.6 to analyze the phase relations and prove the coherence
of the investigated optical frequency comb lasers. Parts of this section are based on the results published in [5,
196]. To start, lets assume that the electric field of a frequency comb can be described by

E(t) =
∑

n

En(t)e
iωnt =

∑

n

|En|eiφn(t)eiωnt (4.1)

with the comb modes represented by the subscript n, En(t) is the electric field of the n-th mode, φn(t) is
the phase and ωn the frequency of the n-th mode. The sum is taken over all comb modes. It is important to
notice that the sum is taken over positive and negative n with the convention −ωn = ω−n and E∗

n = E−n.
This notation includes the complex conjugate of the electric field. In a perfect frequency comb, all modes are
equally spaced apart by the round trip frequency frt or ωrep. For generalization reasons, the ongoing derivation
will only assume that ωn+1 − ωn ≈ ωrep.
After being guided through a Fourier Transform Infrared Spectrometer (FTIR), the field is
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(4.3)

with the time delay introduced by the FTIR as τ and ωn,m = ωn − ωm. S(t, τ) is measured by a fast photo
diode and then superimposed with the signal of a local oscillator. The frequency of this signal ω0 is chosen
to be identical to the repetition rate ωrep. ω0 can also be extracted or produced by the investigated laser
source itself [5] using the laser round trip frequency beat note. Averaging over lab time scales (≫ 1/ωrep)
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will rule out any frequency contributions that differ much from the frequency of the local oscillator. Since
ωn+1 − ωn ≈ ωrep and ω0 = ωrep, only the beating produced by two neighbouring comb lines is still present
in the SWIFTS signal. Without making the assumption, that the two lines are exactly spaced apart by the
repetition rate, the resulting SWIFTS signal is

S(τ) =⟨S(t, τ) · eiω0t⟩ (4.4)

=
∑

n

⟨En(t)E∗
n+1(t)e

i((ωn,n+1)+ω0)t⟩
(

1

2
+ eiωmτ +

1

2
e−i(ωn,n+1)τ

)

. (4.5)

Experimentally, the measured signal is not superimposed with the complex function exp (iωt) but with the
cosine and the sine. The resulting functions are called quadratures of the mode. Superimposition with the
cosine provides the quadrature X, the Y quadrature is calculated, when the sine is used. The SWIFTS signal
is then obtained by adding X and iY .

S(τ) = ⟨S(t, τ)eiωot⟩ =⟨S(t, τ) cos (ωot)⟩+ i⟨S(t, τ) sin (iωot)⟩ (4.6)

=X + iY (4.7)

After determining X and Y , a Fourier transformation of S(τ) (colored as a guide to the eye) results in the
SWIFTS spectrum S(ω)

S(ω) = F (S(τ)) =
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∑
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i((ωn,n+1)+ω0)t⟩(δ(ω − ωn) + δ(ω − ωn,n+1)) . (4.9)

Alongside the frequency of the comb lines, the SWIFTS spectrum also contains radio frequency components
(colored in blue). These components are usually ignored or removed in the further analysis.

Perfect frequency comb At this point, we consider the SWIFTS spectrum of a perfect frequency comb: a
perfect comb has comb lines that are all equally spaced apart by ωn+1,n = ωrep, resulting in the following
SWIFTS spectrum:

S(ω) =
∑

n

⟨En(t)E∗
n+1(t)⟩δ(ω − ωn) (4.10)

=
∑

n

⟨|En||E∗
n+1|ei(φn−φn+1)⟩δ(ω − ωn) (4.11)

The perfect frequency comb is not only characterized by equally spaced apart modes, these modes are also
phase stable. This means, that the SWIFTS spectrum’s amplitude is equivalent to the geometrical mean of
the intensity of two neighbouring comb modes. Comparing the spectrum’s amplitude with S(ω) allows to
evaluate, whether the comb modes are phase stable and equally spaced apart. For smaller SWIFTS spectrum
amplitudes, at least one of the two main criteria for comb operation (phase stable and equally spaced apart
modes) are not fulfilled, leading to the assumption that these modes are not phase-locked. For example, if the
phases of two neighbouring comb modes vary over time, S(ω) decreases because of the averaging in equation
4.11.
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Real-time signal One of SWIFTS major advantages over intensity auto-correlation is the possibility to
calculate the real-time signal. This is done by using the measured optical spectrum and the phase difference
between the neighbouring comb lines. Remembering the SWIFTS spectrum’s formula of a perfect frequency
comb (4.11), one can see that the complex phase is directly given by the phase difference of neighbouring
modes. The phases of each comb line are obtained by cumulatively summing up the complex phases of the
SWIFTS spectrum. With that being done, the time signal is calculated by equation 4.1.

Waveform GDD SWIFTS also allows the calculation of the waveform group delay dispersion, because the
phases for all modes are known. The second derivative ∂2φ/∂ω2 reveals the waveform group delay dispersion.

Coherence The following part will investigate the impact of non equally spaced apart modes and non phase
stable modes by calculating the ratio of the SWIFTS spectrum’s amplitude with the geometrical mean of
the intensity of two neighbouring comb modes. This ratio is also referred to as the coherence gn of these
neighbouring modes [196]. The total coherence between two neighbouring modes is determined by

gn,ωn+1,n
=

⟨|En||E∗
n+1|ei(φn(t)−φn+1(t))ei((ωn,n+1)+ω0)t⟩

|En||En+1|
. (4.12)

To estimate the influence of non-equally spaced apart comb lines on the coherence, the modes are assumed to
be phase-stable. Colored, as a guide to the eye, the averaging eliminates the phase contribution (colored red)
to the coherence. By writing the averaging as an integral, gn,ωn+1,n

is given by

gn,ωn+1,n
=

1

T

∫ T

0
ei((−ωn+1,n)+ω0)tdt . (4.13)

Averaging over the total measurement time T , that is directly given by the speed of move of the FTIR mirrors
and the maximum delay, makes it possible to calculate the possible frequency deviation at which the ratio
gn equals zero. This is exactly the case, when ωn+1,n − ω0 = 1/Tmeasurement. Hence, accordance between the
SWIFTS amplitude and the optical spectrum’s amplitude can guarantee equidistance to frequencies much
smaller than the mirror frequency of the FTIR. With a frequency of 40 kHz, which is the movement frequency
of the mirrors used in all SWIFTS measurements in this work, the difference frequency of two neighbouring
comb modes of a 20GHz comb laser is proven to be smaller than ≈ 10−6 times the round trip frequency.
Assuming equally spaced apart comb lines, gn reduces to

gn,φ =
1

T

∫ T

0
ei(φn(t)−φn+1(t))dt . (4.14)

The influence of phase fluctuations on the coherence is much harder to be predicted with concrete numbers as
it depends drastically on the type of phase noise that is induced.

4.1.3 Beat note spectroscopy set-up

This section will present the experimental set-up that is required to acquire a SWIFTS signal. SWIFTS
can be measured in two ways: First, by using the signal of an additional narrow-band local oscillator as a
reference signal, while injecting the same RF frequency into the absorber section in order to ensure hybrid
mode-locking [90]. Second, by employing the laser beat note itself as a reference signal, by using a second
detector ω0 before the light has travelled through the FTIR [5] or directly by extracting the laser beat note
with a bias-tee from the laser itself [18, 195]. Figure 4.1 depicts the set-up with two high speed detectors
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Figure 4.1: Shifted Wave Interference Fourier Transform Spectroscopy (SWIFTS) set-up. The laser light is
passing an optical isolator to prevent unwanted back reflections. It is split into two parts by a
beam splitter. One part is shown through an Fourier transform infrared spectrometer and then
onto a high speed photo detector. The other part of the light is guided directly onto a high speed
photo detector as reference. Both signals are mixed down with a local oscillator signal into the
bandwidth (<50MHz) of the lock-in amplifier and analysed in a laboratory personal computer.

used most frequently for measurements in section 4.3.6. For details on the FTIR, see section 4.2.1. Here, the
collimated laser light passes an optical isolator and is then divided into two beams by a beam splitter. One
part is directly measured with a fast photo diode and will serve as the reference frequency later on. The other
part is guided through a Fourier transform infrared spectrometer (FTIR). The FTIR makes the contribution of
the intermodal beating of two neighbouring modes vary with path difference. Without the FTIR all beating
signals of neighbouring modes contribute to the beat note, which makes it impossible to calculate the phase of
single beatings. After the FTIR, the light is measured with a fast photo diode. As described in the previous
theoretical section about SWIFTS, the light behind the FTIR now has to be compared with the reference signal.
A lock-in amplifier is used for this task.

At this point, two experimental challenges arise. First, the lock-in amplifier is only able to process frequencies
lower than 50MHz. The challenge is, that the observed laser beat notes frequencies can be as high as 40GHz.
A frequency generator that can generate frequencies of up to 40GHz and two frequency mixers are used, to
mix down the two measured signals to below 50MHz. Therefore, the signal of the synthesizer is split with the
help of a power divider and then guided to both mixers.

The second challenge is, that the lock-in amplifier requires a narrow beat note for its phase-locked loop in
order to identify the frequency of the reference signal. Once both of these challenges have been overcome,
the lock-in amplifier generates the SWIFTS interferogram that has been theoretically derived in the previous
section in equation 4.6. The Fourier transform of this interferogram yields the SWIFTS spectrum. Extracting
the intermodal phases from the spectrum allows to calculate the group delay and the group delay dispersion
as well as the full time reconstruction.
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Hybrid mode-locking Laser devices generating a beat note >10 kHz in width cannot be investigated with
so-called free running SWIFTS (meaning that the laser is operated in free-running operation without any kind
of stabilization), since the beat note is too broad and has to be externally stabilized. A possible solution for this
problem might be the use of a much more stable reference frequency. Using the signal of another RF frequency
synthesizer as reference solves the problem of the broad RF line width. To make sure that the frequency of
the oscillator corresponds to the frequency of the beat note, the RF signal is also injected into the absorber
section. The modulation of the absorber can lock the beat note to the injected RF signal, which is then called
hybrid mode-locking. It is assumed, that hybrid mode-locking with a weak electrical injection does not change
the laser properties [90] (except of the decrease of timing jitter). Hybrid mode-locking requires the use of a
second frequency generator and is therefore much more inconvenient. The modulation frequency is fed into
the absorber section on top of a DC reverse bias voltage with the help of a bias-tee. Although injection locking
increases the usability of SWIFTS, the laser beat note is not always locking to the injected modulation.

Absorber RF extraction Another possibility to set-up SWIFTS, is to extract the RF signal from the absorber
section of the device and use the absorber as a high speed detector. It might be the more simplistic SWIFTS
setup, as no additional frequency generators or fast photo detectors are required. However, the extraction
efficiency from the absorber section must be high enough which is challenging at frequencies of up to 40GHz
in particular in laser devices which have not been optimized for RF signal extraction.
Identifying frequency-modulated and amplitude-modulated comb states by SWIFTS is one of the major tasks
of this thesis. The main criteria for comb operation, independent of frequency-modulated or amplitude-
modulated, is the coherence of neighbouring modes. If the SWIFTS spectrum’s amplitude matches the
geometrical average of the intensity spectrum’s amplitude of two neighbouring modes, the laser is mode-
locked. Differences between amplitude-modulated and frequency-modulated combs can be found in the
intermodal phases, the quadratures of the mode, the shape of the optical spectrum and the amplitude of the
beat note. Frequency-modulated combs have intermodal phases that spread from −π to π, while amplitude-
modulated combs usually are much less chirped. Nevertheless, some measurements yield amplitude-modulated
combs with phases, that nearly spread over a range of 2π as well. While both quadratures X and Y show an
amplitude dip at zero delay for frequency-modulated combs, the quadratures of an amplitude-modulated
comb usually have a maximum at zero path difference. However, this is only the case for weakly chirped
amplitude-modulated combs. Whether a quadrature maximum or minimum occurs at zero path delay is
solely depending on the chirp. The transition from frequency-modulated to amplitude-modulated combs can
be more or less fluid. Frequency-modulated combs can have a small amplitude modulation and vice versa.
However, the shape of the optical spectrum is characteristic for frequency-modulated combs. It has a box-like
shape and usually two dominant mode groups at the edge of the optical spectrum. Sometimes, only one side
of the spectrum has a strong mode group. In contrast, the amplitude-modulated spectrum usually has a peak
in the center with decreasing amplitudes at the edge of the spectrum.

4.1.4 Pulse widths measured by beat note spectroscopy and nonlinear auto-correlation

The possibility to measure and reconstruct the real time trace with the help of SWIFTS, in contrast to AC, is
one main advantage of the technique. The second main advantage is the spectral broadband usage, in case all
FTIR components are available. Beyond other things it allows the observation of trailing and leading edge
instabilities. The validity of SWIFTS measurements has been theoretically proven by Han et al. [196] with a
Ti:Sapphire laser. Both the auto-correlation from SWIFTS and the directly measured auto-correlation trace
yielded an identical pulse width.

In this section, the same comparison is made for two more laser devices compared to literature. QD7 and
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QD12 are both two section quantum dot lasers with a length of 2mm and an absorber section length of
0.3mm. As these laser devices have a wide range of biasing conditions with very low RF line width (see
section 4.3.6 for details), many points could be measured with SWIFTS. This makes both devices optimal for
comparing SWIFTS measurements with intensity auto-correlation measurements. Both experiments were
conducted with temperature controlled laser mounts at 20◦C. Fig. 4.2(a)-(f) depicts the resulting SWIFTS
time-reconstructions for different biasing conditions of QD12. Fig. 4.2(g) depicts the pulse widths estimated
from (a)-(f) by taking the full width at half maximum (FWHM) of the pulse. Values are sorted from low pulse
widths to higher pulse widths.
In order to directly compare the intensity AC measurements with the SWIFTS time signal, the SWIFTS pulse
train is integrated over the product of two intensities that are delayed by τ .

IAC(τ) =

∫ ∞

−∞
I(t)I(t+ τ)dt (4.15)

As all lasers are subject to different kinds of fluctuations namely timing and intensity fluctuations, calculating
IAC(τ) with a single pulse of a pulse train will give a different result than measuring the auto-correlation
trace with a continuously changing pulse train [197]. Pulse shape, width and timing fluctuations will lead to
a higher peak around zero time delay, the coherence spike [197]. The real pulse width from the intensity
auto-correlation is thus measured by fitting the anticipated pulse form, in this case a Gaussian, to the trace,
ignoring the peak in the center.

Fig. 4.3 displays both auto-correlation traces of QD12 obtained via two different methods. First, calculated
from the real time trace obtained by SWIFTS, depicted in the inset as well as in Figure 4.2, as well as measured
via intensity auto-correlation. In graphs (a)-(c) the injection current has been fixed at 200mA while the
reverse bias has been increased from 3V to 5V in order to attain pulse generation and shortening. In graphs
(d)-(f), the injection current has been fixed at 300mA while the reverse bias has been increased from 3V to
5V.

Figure 4.2: Measured time-reconstruction by SWIFTS (a)-(f) and (g) determined pulse widths (FWHM) from
each measurement for QD12.

A non-Gaussian-shape of the intensity auto-correlation trace from QD12 is apparent. An additional spike at
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0 ps delay is present at all biasing conditions. This spike is also known as the so called coherence spike. Its an
artifact from the auto-correlation measurement and is not part of the real pulse form [189].
In all graphs, the intensity auto-correlation trace is broader (2 ps and more) than the SWIFTS auto-correlation
traces for all displayed biasing conditions, except for 5 V and 300mA.

Figure 4.3: Displayed are the auto-correlation traces of QD12 obtained via two different methods: Calculated
from the real time trace obtained by SWIFTS (depicted in the inset) and measured via intensity
auto-correlation. Reverse bias voltages from 3V to 5V and gain currents of 200mA and 300mA
were chosen.

The SWIFTS auto-correlation does not show a significant coherence spike. A pulse train where cumulative
pulses are averaged in SHG intensity auto-correlation producing a coherent artifact, can not be retrieved by
SWIFTS due the reconstruction from the optical modes and their phases not representing a temporal average.
The auto-correlation trace is calculated by inserting the real time trace intensities, that are shown as an inset of
Figure 4.3, into equation 4.15. This technique does not include the averaging over pulse train instabilities but
instead calculates the auto-correlation assuming a constant pulse shape over the whole averaging window. The
SWIFTS auto-correlation trace is therefore mostly perfectly Gaussian-shaped. The undoped QD7 is depicted in
Figure 4.4. The coherence spikes are not as pronounced as for QD12. Both lasers have a low and comparable
RF line width and thus a low timing jitter. The main source of the coherence spikes must therefore be another
type of fluctuation. Identical to QD12, the width of the intensity auto-correlation traces are larger than the
ones of the SWIFTS auto-correlation traces. To quantify this effect, the pulse width measured with both
techniques are compared in the following. Figure 4.5 depicts the absolute pulse widths for both laser devices
at selected biasing conditions. At the majority of biasing conditions, deviations of 25± 10% in pulse widths
are evident. The average ratio of τSWIFTS/τAC is 70% for QD12 and 66% for QD7. With 90% accordance,
300mA and 5V in QD12 is the only point that shows a drastically different ratio. This is partly due to the very
broad pulses at this point. At a certain pulse width, successive pulses are overlapping in the auto-correlator,
which can lead to an underestimation of the pulse width τAC. At lower bias voltages, the deviation seems to
decrease in both laser devices. This is not the case at 5 V, which makes this a very weak trend, that could also
be of random nature.
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Figure 4.4: Displayed are the auto-correlation traces of QD7 obtained via two different methods: Calculated
from the real time trace obtained by SWIFTS (depicted in the inset) and measured via intensity
auto-correlation. Reverse bias voltages from 3V to 5V and gain currents of 200mA and 300mA
were chosen.

Figure 4.5: Displayed are the de-convoluted pulse widths of the AC traces and the directly determined pulse
width from SWIFTS. (a) QD7 from Figure 4.4. (b) QD12 from Figure 4.3.

4.2 Doped Quantum Dot Materials: Experimental Results

In this chapter, gain, absorption, material GDD and the LWEF characteristics of selected quantum dot laser with
different p-doping levels will be experimentally investigated and presented. These parameters will be used in
section 4.3.2 to estimate the limits of the RF beat note line width, an important parameter characterizing the
optical frequency comb stability.
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4.2.1 Methodologies and Implementation

For the measurement of net modal gain and absorption of near infrared semiconductor lasers, several methods
have been proposed in literature and will be reviewed in the following.

Segmented Contact Method The segmented contact (SC) method [102] is based on the principle of using
the light of one section of a multi-section laser to probe other sections of equal length and measure the
resulting power increase. This is achieved by using a laser with at least two equally long sections at the
emission facet and one or more passive sections to prevent reflections at the back facet of the laser. The net
modal gain is then calculated from the ratio of two intensity measurements: First, the intensity emitted only
from the first section being biased with a reference current density Jref , second the intensity from the first
section being biased with a current density J plus the second section being biased with Jref . In the second
measurement, the applied current density J in the first section can be varied to measure the net modal gain
for different biasing conditions and even measure the modal absorption under reverse bias voltage.

GNet(β) =
1

L
ln

(

I1+2

I1
− 1

)

(4.16)

with I1 the measured intensity from the first section (biased with Jref ), I1+2 the measured intensity from both
active sections (biased with J and Jref ) and L the length of one section, to get the net modal gain in the unit
inverse length, usually in cm−1 [102]. An improved variant of the method by Xin et al. [198] employs a third
section of equal length at the front facet which allows to include the effects of unguided spontaneous emission
onto the measurement. Therefore, three measurements are needed, the first two being equal as mentioned
before with the third section staying inactive, while in the third measurement the reference current density
Jref is additionally applied to the third section.

GNet(β) =
1

L
ln

(

I1+2+3 − I1

I1+2 − I1
− 1

)

(4.17)

with I1 the measured intensity from the first section (biased with Jref ) alone, I1+2 the measured intensity from
section one (biased with J) and section two (biased with Jref) being active, I1+2+3 the measured intensity
from all three sections active (section one biased with J, section two and three biased with Jref) and L the
length of one section [198]. The modal absorption however is now measured by reverse biasing the middle
section in the third measurement.

α(β) =
1

L
ln

(

I1+2 − I1

I1−2+3 − I1
− 1

)

(4.18)

with all parameters staying the same as in equation 4.17 and I1−2+3 the measured intensity from section one
and three forward biased with J and Jref and section two reverse biased as the absorber section [198]. Due to
the long rear passive section, current densities can be measured which are not limited by a lasing threshold in
a fully fabricated device leading to gain clamping. Also the resulting net modal gain values are independent
on the spectral resolution used in the intensity measurements. One variation of the SC method exists [199]
that only requires a two section laser but with the special condition, that both sections have to be exactly
equally long and symmetric regarding the facet reflectivities. In this case, a passive section at the rear can be
neglected and the net modal gain or absorption is calculated as in equation 4.16. However, for this variant,
the injection current density is limited by the lasing threshold, since the whole laser is actively biased without
a passive section preventing the lasing. An attempt to use the same principle on a device of unequal section
lengths by [200] only allowed to measure changes in the gain value, since the intensity incident to the probed
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section is not known exactly.

All these SC method variants demand a specially structured laser cavity with at least three individually biasable
laser sections, of which the first two at the emission facet need to have the same length each, or an exactly
symmetrical two-section structure is needed. If the cavity lengths are not equal, only relative changes in
the gain or absorption can be measured [200]. Therefore, these methods are not usable for investigating
processed lasers as they are typically fabricated for mode locking applications with one main gain section and
one shorter saturable absorber section.

Amplified Spontaneous Emission Mode Contrast Method In the following, methods will be addressed
which are applicable to semiconductor devices processed and contacted with two or multiple sections. This
inevitably leads to the restriction, that only sub-threshold current densities can be measured since the device
will switch on at the current density of the lasing threshold, leading to gain clamping [96, 201]. The commonly
used Hakki-Paoli method [96], with respect to its evaluation principle herein called the amplified spontaneous
emission (ASE) mode-contrast (ASE-MC) method, uses the contrast between consecutive minima and maxima
of the axial resonator-modes of the ASE spectrum (see Figure 4.6(a)).

Figure 4.6: Schematics for the gain related measurements results. (a) Amplified spontaneous emis-
sion (ASE) spectrum. The central wavelength λcen is determined as the wavelength with the
highest intensity in the ASE mode spectrum. (b) Interferogram measured by a Fourier Transform
Infrared spectrometer (FTIR). (c) Gain spectrum. (d) Absorption spectrum. (e) Phase spectrum.
(f) Group delay dispersion (GDD) spectrum.

GNet(β) =
1

L
ln

(

pi − 1

pi + 1
· 1
R

)

(4.19)

with pi =
√

Imax

Imin
the ratio of consecutive peak and valley intensities of one mode and L the length of the

device [96]. R is the reflectivity of the laser facets under the assumption that it is equal for both facets.
Otherwise 1/R has to be replaced by

√

1/(R1 ·R2) to get the average of the logarithm of both reflectivities [98].

36



Since this calculation of the ASE-MC method simply uses the minimum to maximum ratio of the modes it is
directly sensitive to missing contrast and resolution in the measured mode spectrum, which would lead to an
underestimation of the net modal gain value. Therefore Cassidy et al. [202] proposed the ASE mode-sum
(ASE-MS) method and confirmed that it results in about 10% higher net modal gain values than the ASE-MC
method. He concluded that the ASE-MS method is not limited by the wavelength resolution of the spectrometer
but only by noise. Obviously this only holds true for a wavelength resolution still lower than the free spectral
range of the cavity, since the individual modes still have to be identifiable for the evaluation. For this method
the ratio of minimum to maximum in equation 4.19 is replaced by the ratio of the area under one mode to the
area between the minimum level and zero, which is much less dependent on the used contrast and resolution
of the regarded mode [202].

pi =

∫ λi+x
λi−x

I(λi)dλ

Imin(λi) · 2x
(4.20)

Amplified Spontaneous Emission Cross-Correlation Method Instead of extracting the net modal gain from
the emission spectrum, the Fourier-transform method or ASE cross-correlation (ASE-CC) method, proposed by
Hoffstetter et al. [97], and Naganuma et al. [203], is based on the interferogram generated by irradiating
the laser light through a Michelson interferometer of varying path length. It will be the method of choice in
section 4.2.2. The net modal gain is then determined from the ratio of the Fourier transform of the zeroth and
first harmonic peaks (see Figure 4.6(b)).

GNet(β) =
1

L
ln

(

b(β)

R

)

(4.21)

with b(β) = |FT (W1)|
|FT (W0)|

the ratio of the Fourier-transforms of the first and zeroth harmonic maximum. Again, as
in equation 4.19, R is the reflectivity of the laser facets (or equivalently adapted to different facet reflectivities
as above) and L the length of the device [97]. This method should be superior to the before mentioned
ASE-MC and ASE-MS methods since the Fourier transform automatically takes into account the shape and
contrast of the modes [97, 204]. One additional big advantage of the Fourier transform method as compared
to the ASE-MC and ASE-MS methods is the ability to get the relative phase spectrum (accumulated during
one cavity roundtrip) and, as the second derivative of it, the round-trip GDD from the same interferogram,
already measured for the net modal gain [105]. The information for this is contained in the inverse Fourier
transform of the first harmonic peak alone (see Figure 4.6(b)).

φ(β)− φ0 = arg(IFT (W1)) (4.22)

Differential Amplified Spontaneous Emission Method In order to determine the modal absorption of a
two-section laser, the differential Hakki-Paoli method can be used, as proposed by Scheibenzuber et al. [205]
and Stolarz et al. [101]. The name suggests that this method is based on measurements by the ASE-MC (the
Hakki-Paoli) method, but it can as well be applied to either of the above mentioned ASE-methods, therefore
herein called differential ASE (DASE) method. In this method, the modal absorption is calculated from two
net modal gain measurements, one measured under uniform current injection in both laser sections and one
with a reverse bias applied to the absorber section. From the difference of these values, weighted by the
corresponding section length ratios, the modal absorption can be calculated.

a(β) = −gG(β) · Lg − gA(β) · L
La

(4.23)
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with gG the net modal gain measured under uniform current injection, gA the net modal gain measured with
the reverse biased absorber section, Lg the length of the gain section, La the length of the absorber section
and L the total laser length [205].

The different ASE methods have been used in literature consistently since their invention in 1973/1975
(ASE-MC [96, 98]), 1984 (ASE-MS [202]) and 1998/1999 (ASE-CC [204], [97]).

Experimental setup and Implementation For the ASE-CC method, the laser under investigation is mounted
on top of a temperature-controlled copper heatsink. A temperature controller allows to keep the submount
temperature stabilized to ±0.1%. The laser light, emitted from one facet, is collimated and an optical isolator
is placed in the beam path to prevent back-reflection into the laser. It is important to ensure that only the
primary transverse electromagnetic mode (TEM) linear polarized is coupled into the spectrometer. The
further setup for the ASE-CC method then only employs a standard FTIR-spectrometer. Since the lasers are
temperature stabilised and do not experience strong internal heating, due to their narrow-ridge cavity, they
are operated in continuous wave condition without temperature influencing the output over time and the
need for pulsed operation [206].

The interferogram needed for the ASE-CC method is obtained by a Michelson-interferometer (Bruker Optics,
Model Vertex, FTIR spectrometer). The light is coupled into the spectrometer by a parabolic mirror, split by a
beamsplitter into the two arms, each with a mirror at the end, and is then reflected back on the beamsplitter
where it is combined and guided onto an InGaAs detector (spectral sensitivity across 950nm to 1650nm).
The mirror in one of the interferometer arms can be moved in an axial direction to change the path length
the light has to travel. This leads to interference fringes on the detector, depending on the path length
difference between the two arms. The resulting modulated intensity versus mirror position graph is stored as
the interferogram [207, p. 19 f.]. From this interferogram the optical spectrum is derived by Fourier transform.
The resolution of this spectrum is given in equation 4.24.

∆νres =
c

2L
(4.24)

with ∆νres the frequency resolution and L the maximum path length variation of one arm [207, p. 27 f.]. In
the case of the Bruker Vertex, a path length difference of two times 20 cm (deduced from the step size and
the number of measured data points) leads to a resolution of 0.016nm at wavelengths of around 1250nm.
The distance of two data points of the interferogram however is determined by the half of the wavelength
of an internal Helium-Neon laser (emission wavelength of 632.8 nm), which is used as a reference in the
interferometer due to its precisely known wavelength.

4.2.2 Gain, Absorption & Material Group Delay Dispersion

The measured spectrally-resolved net modal gain, absorption and material group delay dispersion (GDD)
characteristics are depicted in Figure 4.7 for the undoped device QD26 (a), the medium doped device QD27 (b)
and the strongly doped device QD28 (c) (see laser description in section 3.1).
For all devices, sub-threshold measurements were conducted.

Undoped laser QD26 For the undoped device in column (a), the current densities were increased from
169A/cm2 to 214A/cm2. The mirror losses αm for the 2mm long laser are 5.73 cm−1 and are plotted with a
dashed line in the Figure. All net modal gain spectra tend towards internal losses αi at long wavelengths. For
long wavelengths the photon energy is below the bandgap energy of the material [102] and therefore neither
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Figure 4.7: Net modal gain, Absorption and material GDD spectra for the three different gain materials. (a)
Undoped device QD26. (b) Medium doped device QD27. (c) Strongly doped device QD28. Top
graph: Net modal gain. Middle graph: Absorption. Bottom graph: material GDD.

absorption, nor emission takes place and only wavelength-independent losses are measured here [103]. The
waveguide losses αi are determined to 3.5 cm−1 for the undoped device. A blue shift in the maximum net modal
gain by 1.1 nm/mA is evident. Most commonly, internal losses in the range of 10 cm−1 were reported [71,
101–103, 154]. Higher values occurred in [76] with 14 cm−1 and in [208] with 18 cm−1 and for doped devices
in [71] with up to 60 cm−1. Lower values are reached in [104] (-6 cm−1), [209] (6 cm−1), [210] (4.9 cm−1),
[211] (3.3 cm−1), [198] (3 cm−1), [212] (3 cm−1), [213] (2.4 cm−1), [70] (2.2 cm−1) and [74] (2 cm−1).
The measured value here of 3.5 cm−1 is in the same order than literature values. The central wavelength
is determined by the gain spectrum maximum, closest to the lasing threshold. The lasing threshold is
given at that point when the net modal gain compensates the mirror losses. The central wavelength for
the undoped device is given by 1258.2 nm. The laser shows a broad gain bandwidth of 45nm (-3 dB) for
the highest applied current density of 214A/cm2. This is expected for a quantum dot laser and caused by
inhomogeneous broadening [214]. Gain bandwidths found in literature for single-state emission spectra range
between 30nm and 50nm for InAs/InGaAs quantum dot active materials ([198]: about 30 nm at 1300nm
(Inas/InGaAs), [208]: about 50 nm at 1550 nm (InAs), [215]: around 30nm at 1300 nm (InAs/InGaAs)). At
shorter wavelengths, gain bandwidths up to 100nm were reported at 940nm (InGaAs/AlGaAs) [216]. If
also excited states contribute to the gain spectrum, it can be substantially broader, for example widths about
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250nm at 1250nm were reported in [217] for an InAs/InGaAs gain material.

Medium doped laser QD27 The measured characteristics of the medium doped device are depicted in
Figure 4.7(b). A substantial spectral shift in the center wavelength by about ≈ 12nm is induced by doping
and the center wavelength amounts to 1270.8 nm. The internal losses αi are determined to be 4 cm−1.

Strongly doped laser QD28 Increasing the doping concentration further leads only to a small shift by about
0.5 nm for the strongly doped device having the same internal losses αi than the medium doped device. The
second row of Figure 4.7 shows the measured absorption spectra of the short saturable absorber section. For
all devices, the absorption is increasing with increasing absorber reverse bias voltage as expected. For the
undoped device the absorption is increasing from -35 cm−1 at 0 V up to -78 cm−1 at 6 V absorber reverse bias
voltage at the central wavelength. For the medium doped device the absorption is increasing from -24 cm−1

at 0 V up to -61 cm−1 at 6 V absorber reverse bias voltage and for the strongly doped device the absorption is
increasing from -24 cm−1 at 0 V up to -56 cm−1 at 6 V absorber reverse bias voltage at the central wavelength.
The maximum absorption value is red-shifting with increasing reverse bias voltage towards the maximum in
the gain spectrum due to the Stark-shift of the bandgap [211]. The central modal absorption value of about
-60 cm−1 at a reverse bias voltage of 6 V is at the upper end of the range of commonly reported measurements
of -30 cm−1 to -55 cm−1 for quantum dot lasers [70, 74, 77, 198, 218] and should be suitable for establishing
a saturable absorber for amplitude-modulated comb generation by passive mode-locking.

Noise impact The ideal case for mode-locking would be to have the absorption at the central wavelengths
at its maximum for ideal saturation and bleaching of the absorber in mode-locking operation. For all three
materials investigated here, the minimum absorption value is blue-shifted by around 10nm to the central
wavelength at 6 V. The influence of noise in the wings of the gain spectrum is also an important concern for
the DASE method. In fact the influence of noise even adds up from the two needed measurements since both
terms are multiplied by a factor larger than one. In the long-wavelength limit where both measurements tend
towards αi (see Figure 4.6) any deviation from it will be multiplied by the ratio of the gain to the absorber
section, which is usually in the order of 5 to 30. Therefore the internal losses should always be extracted from
a single net modal gain measurement instead as from the combined net modal absorption spectrum.

Material Group Delay Dispersion The GDD is depicted in the third row of Figure 4.7. For all three materials, a
value of (10000±1000) fs2 at the central wavelength is attained. The GDD is slightly increasing with increasing
current density in the device. The GDD values around 10000 fs2 are comparable to the only sub-threshold
round-trip GDD measurement for a quantum dot laser in [107], measuring values between 7000 fs2 and
10000 fs2. Additionally, the increase of the GDD with wavelength of about 300 fs2/nm for the undoped device
indicates the active material having higher order dispersion and confirms the necessity to not simply use a
second-order polynomial fit to get a constant GDD value, as it could be suggested from the parabolic shape of
the phase spectrum and is sometimes the case in literature [8, 108]. It also indicates that possible dispersion
compensation would have to be wavelength dependent as well to reach optimum GDD values. The observed
increase of the GDD with current density is part of the interaction between refractive index and the gain as
governed by the Kramers-Kronig relations [73], which is also represented in the LWEF. Similar connections
were observed in [105] for a quantum cascade laser and in [107] for a quantum dot laser, although there
the GDD reduced with increasing current density. The GDD and gain values will play an important role in
the estimation of the lowest achievable RF line width in semiconductor quantum dot lasers and estimation
of the different noise contributions for stable optical frequency comb generation. This will be discussed in
section 4.3.2 in more detail.
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Table 4.2: Values of material round-trip group delay dispersion (GDD) of semiconductor lasers with different
active region compositions, emissionwavelengths and cavity lengths (L) andwaveguidewidths (W),
reported in literature. The table is ordered according to the year of publication. Methods applied
were the amplified spontaneous emission cross-correlation (ASE-CC) method (sub-threshold),
frequency resolved optical gating (FROG) method (above-threshold) and shifted-wave interference
Fourier transform spectroscopy (SWIFTS) method (above-threshold).

Year Method Author (Team head) Active region, material Waveguide length, Width λcen GDD Reference
mm, µm nm fs²

1994 ASE-CC Naganuma QW 0.3, - 1550 -26500 [203]
2004 ASE-CC Gan (Bowers) QW - InGaN 0.67, - 404 -20100 [219]
2016 ASE-CC Villares (Faist) QCL - InGaAs/InAlAs 4.5, 1330 -1000 [105]
2017 ASE-CC Bidaux (Faist) QD - InAs/InGaAs 2, 6 1230 -7000 [107]
2017 ASE-CC Kazakov (Capasso) QCL 6, - 4500 3600 [220]
2018 ASE-CC Hillbrand (Faist) QCL 3, 5.5 8000 -4000 [109]
2019 ASE-CC Olariu (Faist) QCL 0.8, 70 93750 ±0.4·106 [221]
2020 ASE-CC Piccardo (Capasso) QCL - AlInAs/GaInAs/InP 3.7, 10 7935 -7400 [222]
2020 ASE-CC Sterczewski (Bagheri) QW - GaSb 2, - 2060 23300 [22]
2014 FROG Mee (Lester) QD - InAs/InGaAs -, - 1250 45.8·106 [108]
2019 SWIFTS Singleton (Faist) QCL 6, - 8200 -6.4·106 [223]
2020 SWIFTS Sterczewski (Bagheri) QW - GaSb 2, - 2060 -10.4·106 [22]

Line Width Enhancement Factor In a next step, the line width enhancement factor (LWEF) results, measured
for devices QD27,QD27 and QD28, will be presented and discussed. The LWEF results are depicted in
Figure 4.8 as a function of the injected current density ranging from 175A/cm2 to above 225A/cm2.

Figure 4.8: Linewidth enhancement factor. (a) Undoped device QD26. (b) Medium doped device QD27. (c)
Strongly doped device QD28.

For each laser, 20 optical modes where tracked and the LWEF is calculated by the mean of these 20 modes
and the error bar is given by its standard deviation. As one would expect from its delta shape formed density
of states, quantum dots tend to have a very low line width enhancement factor. As can be seen in Figure 4.8
the LWEF is well below 0.6 for all gain injection currents and all three materials. This is drastically lower than
compared to quantum well lasers which exhibit LWEFs of the order of 2 to 7 [219, 224–226]. The low LWEF
of 0.1 to 0.2 is expected for quantum dot lasers because of the ideally discrete density of states and symmetric
emission spectrum [71, 227], with inhomogeneous broadening leading to a non-zero dependence of the
central wavelength and gain peak position on the injection current density. Similar values were obtained for
quantum dot lasers in [227] (0.1), [72](0.13), [215] (0.13) and [228] (0.1). Higher values for quantum
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dot lasers were obtained in [229] (1.2), [230] (2.4), [231] (1.5) and [71] (1.85), which might be caused
by contributions of the excited states to the gain [230]. This shows that the value of 0.1 to 0.2 is quite low
even for a quantum dot laser. A dependence on the current density is not identifiable since the sub-threshold
current densities used in this measurement are far from the gain-saturation regime, therefore the differential
gain dg/dJ as well as the wavelength shift dλ/dJ do not vary much over this range of current densities.

4.2.3 Characteristic temperature

This section describes the characteristic temperature characteristics of devices QD7, QD12 and QD22 with
undoped, medium and strongly doped active region.

Results Figure 4.9 depicts the logarithm of the threshold current as a function of the temperature where T0

has been determined by a linear fit. The undoped device exhibits a characteristic temperature of T0=69K

Figure 4.9: Measured characteristic temperature for the three different quantum dot laser materials. (a)
A characteristic temperature of 69K is obtained for the undoped device QD7 in a temperature
range from 15°C up to 60°C. (b) A characteristic temperature of 80K is obtained for the medium
doped device QD12 in a temperature range from 40°C up to 60°C and 164K for 15°C to 35°C.
(c) A characteristic temperature of 124K is obtained for the strongly doped device QD22 in a
temperature range from 40°C up to 60°C and 1028K for 15°C to 35°C.

for temperatures between 15°C and 60°C, the medium doped device of T0=164K for temperatures between
15°C and 35°C and T0=80K for 40°C up to 60°C. For the strongly doped device a characteristic temperature
of T0=1028K results for temperatures between 15°C and 35°C (no real temperature dependence of lasing
threshold) and T0=124K for 40°C up to 60°C. Overall, the higher the value of T0, the lower the impact of the
temperature on the laser’s threshold current density. As expected, the wider energy separation of the hole
levels caused by the higher doping concentrations [69] in the medium doped and strongly doped devices
reduces the change in the threshold current and greatly enhances the characteristic temperature from 69K for
the undoped devices to 164K or 80K at high temperatures for the medium doped devices and to 1028K or
124K for high temperatures for the highly doped devices. The strong increase of T0 confirms the importance
of relating the benefits of p-doping for the lasing threshold stability. The typical T0 above room temperature
of an undoped quantum dot laser is in the range of 30 to 80K [211, 212, 232–238]. This correlates to an
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increase of the threshold current density by 28% (T0=80K) up to 95% (T0=30K) when increasing the device
temperature from 20°C to 40°C. The p-doping employed in the devices under study in this thesis lead to a T0

of up to 1028K at temperatures up to 40°C. This corresponds to an increase of the threshold current density
of only about 2%. These high characteristic temperatures would enable these lasers to operate in optical
communication applications in data centers or even directly in photonic integrated circuits near the processor
units [71] under varying temperature conditions. However therefore the p-doping should not have other
unwanted influences on the pulse generation as will be discussed later in this thesis.

The increase of the T0 by around 900K evident in Fig. 4.9 is one of the strongest enhancements yet made for
a quantum dot laser by p-doping. It exceeds the increase from 85K to 213K reported in previous studies [69,
239]. There, the increase was achieved for an AlGaAs/GaAs lasers with a higher doping concentration of
2.6·1018/cm3 as compared to 5·1017/cm3 in the present case, yet only 5 quantum dot layers as compared to
10 in the present case, were considered. The stacking of multiple p-doped quantum dot layers is important in
reaching the high T0, without it the increase was only up to a T0 of 161K [68]. The usage of 30 stacks of
quantum dot layers alone led to an already high T0 of 113K for an InAs/InP laser in [79]. A characteristic
temperature above 100K was also reached by [240] with 128K for an GaInAs/GaInAsP device. Higher T0

of several hundred Kelvin were yet only obtained for temperatures below room temperature (for example
T0=582K at 200K [240]) and are quite common for quantum dot lasers [241], but would of course require
extensive cooling of the device and are not relevant for the intended photonic integrated circuits of optical
communication applications.

4.3 Quantum Dot Comb generation with two-digit Hz RF line width: Experimental
demonstration

The goal of this chapter is to demonstrate a way to frequency-modulated comb generators by monolithic
quantum dot lasers as well as to show how to achieve single-digit picosecond short optical pulses simultaneously
with two-digit Hz RF line widths. The optical frequency comb performance of 2mm long two section quantum
dot devices with different doping concentrations and different absorber-to-total length (ATTL) ratios will be
presented and discussed. Critically important is to develop an understanding on the basics and limits of the
RF line width in semiconductor laser combs.

4.3.1 Phase noise contributions

This section will provide a more detailed insight into the measurement and the origin of the phase-noise
stability of QD7. Analysis of the radio frequency domain is performed with the help of the power spectrum
of the optical output. The power spectrum displays the electrical power in dependence of the frequency.
Experimentally, it is measured by a fast photo diode and an electrical spectrum analyzer. The characteristic
feature of an optical frequency comb, the beat note that corresponds to the repetition rate, is analyzed with
the help of the power spectrum. An overview of the shortest RF line widths in semiconductor comb lasers
found in literature is given in Table 4.4 in section 4.3.3

Low noise semiconductor comb lasers are relevant for several applications, for instance in data communica-
tion [23, 242] and it is advantageous in order to identify and validate different noise contributions. This is
particularly important, as reducing the noise of semiconductor frequency combs could ideally be done by
selecting the appropriate active region material or structure as well as specific and optimized laser layouts.
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Besides numerical solutions for amplitude-modulated combs [243] and frequency-modulated combs [9, 87],
H. A. Haus and A. Mecozzi have developed an analytical model on the influences of noise in amplitude-
modulated comb lasers [244]. This model has been optimized to passively mode-locked semiconductor comb
lasers by L. A. Jiang et al. [245], revealing analytical expressions of the timing jitter. With the help of this
expression, it is possible to estimate the effect of certain parameters on the timing noise.
The impact of the optical confinement factor on the timing jitter and hence the RF beat note line width has
been shown experimentally in [246, 247]. A decreasing optical confinement factor was made responsible for
a smaller RF line width, mainly because it leads to a smaller amount of spontaneous emission coupled into
the lasing modes [149, 247]. These assumptions were initial guesses based on experimental observations. In
the following, a more detailed look on the influences of laser parameters on the timing noise is provided.

The model of Haus and Mecozzi [244] has been optimized to semiconductor comb lasers by Jiang [245]. It
considers the fast gain dynamics in semiconductor comb lasers and its coupling to the timing of the pulses. The
deviations of simulation results and the analytical model were corrected with a factor 2 by R. Paschotta [243]
revealing analytical expressions of the timing jitter. Three different effects are distinguished, namely the direct
amplified spontaneous emission (ASE) jitter, the Gordon-Haus jitter and the relative intensity noise (RIN) jitter.
The noise source to all three of theses effects is ASE. Direct projection of ASE to the timing jitter is called ASE
jitter. ASE induced fluctuations of the center frequency couple to the timing jitter via the material GDD. This
type of timing jitter is named Gordon-Haus jitter [244]. The RIN jitter represents several mechanisms that
converts ASE induced pulse energy into timing jitter. The main influence is amplified spontaneous emission
that is directly coupled into the lasing modes. The timing noise power spectral density of the direct ASE
contribution is given by

L∆t(f) =
(

0.36 τ2 · 4π∆νST
) 1

(2πf)2
. (4.25)

with τ as the full width at half maximum (FWHM) of the pulse width and ∆νST is the Schawlow-Townes line
width ∆νST, that is defined in [248].

∆νST =
ΘhνgRT

4πEpTrt
(4.26)

The Schawlow-Townes line width is the fundamental limit for the spectral line width of a laser [249]. The
pulse energy Ep, the inversion parameter Θ, the optical frequency ν, the round trip gain gRT and the round
trip time Trt influence the Schawlow-Townes line width. The factor of 0.36 in L∆t (4.25) is a pulse shape
factor corresponding to a Gaussian-shaped pulse. A sech2-shaped pulse has a factor of 0.53 [248].

Another type of noise is an indirect effect of ASE on the timing jitter. Spontaneous emission can effect the
center frequency of the comb laser. Dispersion inside the gain material translates this frequency fluctuations
into timing fluctuations. The effect is also called the Gordon-Haus jitter. Its timing noise power spectral
density was originally defined by [7]. The corrected version from [250] is

LGH
∆t (f) =

(

0.36 ·
(

GDD

Trt

)2

·
(2π)2∆ν2p

(2πf)2 + τ−2
ν

· 4π∆νST

)

1

(2πf)2
(4.27)

with τν = 0.47
Trt

g

(

∆νg

∆νp

)2

(4.28)

and is assuming a Gaussian-shaped optical spectrum. LGH
∆t (f) is influenced by the squared intracavity group

delay dispersion (also known as sub-threshold GDD), the FWHM of the optical spectrum ∆νp and the gain
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bandwidth ∆νg. For frequencies that obey f << 1/2πτν , LGH
∆t (f) shows a 1/f2 dependency. At higher offset

frequencies, a 1/f4 dependence arises. The effect of τν is comparable to a high frequency filter.
Amplified spontaneous emission does not only effect the timing, it is also responsible for pulse energy
fluctuations in the laser. The pulse energy fluctuations and its PSD L∆E(f) can have an influence on the timing
jitter. Equation 4.29 accounts for two separate effects. First, intensity fluctuations will lead to gain fluctuations
when assuming, that the cavity losses are constant [251]. These gain fluctuations lead to group delay and
timing changes of the pulse [251]. Second, stronger amplification of the leading pulse edge compared to the
trailing pulse edge due to fast gain changes converts pulse energy fluctuations into timing fluctuations [245].
The equation is given by [245].

Lint
∆t(f) =

(

(Cg − (Ep∆νg)
−1)2

T 2
rt

· L∆E(f)

)

1

(2πf)2
(4.29)

The coupling effects of intensity noise to timing noise are depicted by the coupling constant Cg. L∆E(f)
represents the pulse energy fluctuations. A common way to describe these fluctuations is the relative intensity
noise (RIN), but the connection of L∆E(f) and the RIN is not clear in the original derivation [245]. Approxi-
mations in the further part relies on the literature values of L∆E(f) and Cg.

Before covering timing jitter approximations of the model, it is advantageous to discuss the limits of these
analytical expressions of the timing noise power spectral density. To start with, the expressions rely on optical
pulse trains inside the laser cavity. Frequency-modulated combs have a quasi continuous wave light output
and it is therefore unknown whether the theory also fits these laser types. Frequency-modulated combs will be
treated as strongly chirped amplitude-modulated combs for the approximation with the analytical expression
of the model. According to the direct ASE contribution in equation 4.25, the pulse width has a quadratic
influence on the timing jitter. For continuous light output, the pulse width is assumed to be equal to the round
trip time of the laser, resulting in a much larger RF line width for frequency-modulated combs compared to
amplitude-modulated combs.

Another model limitation is the assumption of perfect mode locking from the beginning. Not equally spaced
apart comb modes and non stable intermodal phases result in a broader RF line width, which are not covered
by the analytical expressions. Other classical noise sources like mirror vibration effects or environmental
noise sources are also ignored. Overall, the model is able to estimate the lower limit of timing fluctuations in
semiconductor comb lasers. However, it is not capable of predicting the RF beat note line width of a laser at a
certain biasing condition.

4.3.2 RF line width limit

Model initialization The theoretical limit of the RF line width of a comb laser is calculated with the model
discussed in section 4.3.1. To explore, whether the theory is supported by the experiment, the experimentally
measured values of a 20GHz quantum dot comb laser (QD7, ATTL ratio 15.6%) are compared to these
theoretical RF line width limits. Therefore, several laser parameters will be measured. The round trip laser
gain gRT is given by the total cavity losses that consist of the mirror losses αm and the intrinsic losses αi. As-
cleaved cavity facets amount to mirror losses of αm = 5.6 cm−1 for a 2mm long laser. With intracavity losses of
approximately αi = 1.6 cm−1, taken from the manufacturers data sheet, the total losses per round-trip amount
to αRT

m + αRT
i = 2.9. The round-trip laser gain gRT is identical to the total cavity losses per round-trip, which is

why the calculations use gRT = 2.9. Basic laser parameters are the optical frequency of ν = 238THz (1260nm)
and the round trip time of 50 ps for a 20GHz laser. The intracavity GDD, also referred to as sub-threshold GDD
can be calculated by sub-threshold laser measurements and is around 10000 fs2 (see previous chapter 4.2).
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The gain bandwidth ∆νg is determined by the full-width-half-maximum of the sub-threshold ASE spectrum
just below the lasing threshold. It was measured to be νg = 1.9THz (10nm) for the observed lasing device.
The inversion parameter Θ is defined to be unity for a perfect 4-level gain medium. Other semiconductor
lasers were modelled with values of Θ = 3 [245]. It is also the value that is chosen in this analytical calculation.
The coupling constant Cg is also unknown and is therefore assumed to be Cg = 8 · 103 [245]. Missing values
like the optical bandwidth ∆νp, the pulse width τ , the intracavity pulse energy Ep are all experimentally
measured values and can be found in Table 4.3.

Table 4.3: Parameters used for the analytical model. Obtained results are plotted in Figure 4.10 and Fig-
ure 4.11.

Parameter Symbol Value Source

Round trip time Trt 50ps Measurement
Cavity length l 2mm Measurement

Optical frequency ν 238THz Measurement
Inversion parameter Θ 3 [245]

Gain g = αi + αm 7.2 cm−1 Data sheet
Roundtrip gain gRT= g·l 2.9 Calculated
Internal losses αi 1.6 cm−1 Data sheet
Mirror losses αm 5.6 cm−1 Data sheet

Intracavity (sub-threshold) GDD GDD 10000 fs2 Measurement
Gain Bandwidth ∆νg 1.9 THz2 Measurement

Energy to timing coupling Cg 8 · 103 J [245]
Pulse energy fluctuations L∆E(f) ≈ 1.03 · 10−48 s3J−1 [245]

Pulse width τ (6 to 19) ps (AM), 50 ps (FM) Measurement
Pulse energy Ep = TrtPout (1 to 3)·10−14 J Measurement

3dB spectral width ∆νg (0.34 to 18) THz Measurement

Model and Experimental results Figure 4.11 depicts the comparison of the measured values with the calcu-
lated values for different biasing conditions. Both the influence of the Gordon-Haus jitter and the RIN jitter
are three to four orders of magnitude smaller than the influence of the direct ASE jitter. Their contribution to
the timing jitter is negligible in the observed laser device. The direct ASE jitter is therefore the major noise
source in InGaAs quantum dot lasers and responsible for the limit of the RF line width. Solid state lasers have
a much smaller pulse width, hence the influence of the ASE jitter is drastically reduced. On the other hand,
the Gordon-Haus jitter at frequencies ≪ τν (equation 4.28) is proportional to the gain bandwidth, which is
especially large for solid state lasers. Hence, the Gordon-Haus jitter becomes the dominating contribution
to the total timing jitter, which was demonstrated by Yang et al. [252]. With the values, that were partly
measured and partly chosen from literature, the ASE induced noise is of the same order of magnitude for all
amplitude-modulated comb states. Although the values exceed the measured values in some cases (especially
in the dark grey region), the experimental values correlate quantitatively with the values obtained by the
theoretical model. The reason for exceeding the measured values might be the measurement tolerance of the
RF line width. A 1/f2 function is fitted to the timing phase noise power spectral density. Small positional
changes have a strong impact on the calculated RF line width, which do have a certain influence on the values
shown in Figure 4.11. Overall, the model resembles the RF line width limit of the laser well, however, only if
the laser emits a pulse train.
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Figure 4.10: Displayed is the single side band phase noise spectrum of laser QD7 at 250mA and 4V. Addi-
tionally to the measurement results (blue), the estimation of the noise contribution of direct
ASE-jitter (red), Gordon-Haus-jitter (green) and RIN-jitter (yellow) are depicted.

Figure 4.11: Displayed are the calculated RF line width values from the analytical model and the measured
RF line width values for a 2mm quantum dot laser (QD7) for different laser biasing conditions.
The contribution to the total RF line width of the Gordon-Haus jitter and the intensity jitter can be
neglected, the theoretical value is completely dominated by the direct influence of the ASE jitter.
Biasing conditions at low reverse bias voltages can produce FM combs, which are marked with
a grey background.

For frequency-modulated comb operation, the model predicted a significantly higher impact of the direct ASE
noise due to the quasi continuous-wave output. Nevertheless, the measured RF line width values do not differ
that much from amplitude-modulated comb line widths (except for 200mA and 1V, the SWIFTS spectrum at
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this point comes to the assumption, that non perfect mode locking and non perfect coherence between the
optical modes are responsible for the much broader RF line width). The fact that the predicted noise limit is
one order of magnitude higher than the measured values leads to the assumption, that the model is not valid
for FM comb operation. A new model tailored to the properties of FM combs would be needed to estimate the
influence of noise.

Optical Confinement Factor At this point, the role of the optical confinement factor for the limit of the RF
line width will be addressed. As discussed at the beginning of this chapter, the optical confinement factor
seems to play a very important role when it comes to the timing stability of an optical frequency comb [149,
247]. In the analytical formula that is mainly responsible for the noise in semiconductor mode-locked lasers,
namely the direct coupling of ASE in the lasing mode (see equation 4.25), the confinement factor does
not seem to play a role. However, the important factor is the total gain. The above threshold total gain is
responsible for the increase of optical power inside the laser cavity and has to balance out the total cavity
losses. These cavity losses combine the mirror losses αm and the intrinsic losses αi. It was shown that the
major contribution to internal optical losses occurs in the active region of the laser device [253]. By reducing
the optical confinement factor, the fraction of the electric field inside the active region is reduced and hence
the internal losses are reduced [253]. Lower internal losses are responsible for smaller Schawlow-Townes line
widths (see equation 4.26) and a lower timing jitter. The linear influence on the timing noise power spectral
density is evident by using the expression of the internal losses introduced by [253] and inserting it into
equation 4.25.

L∆t(f) =

(

0.36 τ2 · Θhν

EpTrt

)

(

αm +
∑

i

Γiα
l
i

)

1

(2πf)2
(4.30)

Here, αli represents the internal optical loss coefficient of a single heterostructure laser layer and Γi the
confinement factor of this layer. The limit of the timing jitter is proportional to the optical confinement factor.
This can explain the drastic differences of timing noise performances between quantum well and quantum
dot lasers found in literature displayed in section 4.3.3 and table 4.4 and shows the fundamental benefits of
the low confinement factor in quantum dot lasers.
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4.3.3 State-of-the-art phase noise

An overview on the lowest radio-frequency line widths (which equals the timing phase noise) of semiconductor
optical frequency comb lasers reported in literature is provided in table 4.4. Selected results include mid-
infrared quantum cascade and interband cascade lasers as well as near-infrared quantum dot, quantum dash
and quantum well lasers. The table is structured along frequency-modulated as well as amplitude-modulated
combs.

Table 4.4: Exemplary selection of top values of mid-infrared and near-infrared semiconductor comb lasers
with their fundamental RF beat note line width.

Active region Comb state Wavelength Beat note frequency RF line width σptp Pulse width Year Reference
(µm) (GHz) (kHz) (fs) (ps)

QCL FM 7.00 7.5 0.009 1.8 2012 [12]
QCL FM 7.00 7.5 <0.5 13.7 2014 [20]
ICL FM 3.60 9.7 0.35 7.8 2019 [21]
ICL FM 3.80 10.2 4 24.6 2019 [14]
QW FM 2.10 19.4 1.5 5.7 2020 [22]
QW FM 1.56 37.6 59 13.3 2015 [254]

QDash FM 1.60 10.6 0.63 9.1 2012 [144]
QDash FM 1.54 34.5 15 7.6 2016 [88]
QDash FM 1.54 41.4 67 12.3 2019 [255]
QD FM 1.30 44.8 7 3.5 2012 [106]
QD FM 1.25 40.7 20 6.9 2019 [87]
QW AM 1.55 10 2 17.8 1.06 2011 [160]
QW AM 1.07 20 27 23 2.6 2018 [159]
QD AM 1.30 9.4 0.4 8.8 1.7 2019 [140]
QD AM 1.30 10 0.5 8.9 4.5 2009 [121]
QD AM 1.30 16.1 1.6 7.8 ≈ 3 2008 [92]
QD AM 1.24 20 1.8 6 5 2019 [23]

4.3.4 Optical frequency comb analysis set-up

The experimental schematic used for characterizing the lasers is depicted in Figure 4.12. After passing an

Figure 4.12: Schematic of laser comb characterization set-up. After passing an optical isolator the light is
analyzed by an optical spectrum analyzer, a fast photo diode with an electrical spectrum analyzer
and an intensity auto-correlater.

optical isolator the light is coupled into an optical single mode fiber. A fiber based beam splitter splits the
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light and guides 90% of the light intensity to the intensity auto-correlator and the other 10% to a fast photo
diode (45GHz bandwidth) with an electrical spectrum analyzer (26GHz bandwidth) and an optical spectrum
analyzer (10 pm resolution at 1550nm). The round trip frequency and the RF beat note line width are both
acquired from the radio-frequency spectrum. The optical spectrum analyzer is used for optical spectra and
band width analysis. Pulse widths are obtained by fitting a Gaussian function to the auto-correlation trace
and de-convoluting the full-width at half-maximum. For a Gaussian-shaped function the de-convolution factor
is
√
2 [93].

4.3.5 Amplitude-modulated & frequency-modulated combs in one laser

Aim This section describes shortly the formation of amplitude-modulated (AM) and frequency-modulated (FM)
semiconductor comb lasers as published together with TU Wien and Harvard University in [5]. AM and
FM comb generation has been demonstrated within one 4mm long quantum dot laser for two specific bias
conditions. We will first shortly recapitulate the results in this section and then afterwards in section 4.3.6
expand these results with a full analysis of bias operation regimes in 2mm long quantum dot lasers.

Results To start, lets have a look into the optical spectrum of an optical frequency comb laser. The characteris-
tic of a comb laser is the existence of several equidistant modes [256]. Neighbouring modes produce a beating

Figure 4.13: Illustration of the difference between amplitude and frequency-modulated comb lasers [5]. (a)
Different synchronization states of intermode beatings. Every beating represents an oscillator
illustrated by metronomes. These oscillators are coupled globally through their collective action,
the laser beat note. Depending on the coupling, two distinct synchronization states are observed.
In an amplitude-modulated comb, they are synchronized in-phase leading to strong amplitude
modulation and pulses. In an frequency-modulated comb, the phases are splayed uniformly
across the unit circle. Hence, intermode beatings oscillating out of phase by πmutually annihilate
each other. This suppresses amplitude modulations and the beat note. (b) The same can
be observed in a system of two coupled metronomes on a movable platform. Metronomes
positioned on top of the platform will synchronize either in-phase or in anti-phase, depending
on the damping. Such damping can be added by placing the system in a water bath. (c)
Illustrating the analogy to amplitude-modulated and frequency-modulated comb generation with
semiconductor lasers. Amplitude-modulated combs can be generated through passive mode
locking via fast saturable losses, while frequency-modulated combs can even be realized in
single section lasers or with low losses. There, gain saturation dampens amplitude modulations
and the beat note similarly to the water bath in (b).
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at their difference frequency. All intermodal beatings together result in the laser beat note. The frequency of
the laser beat note is equivalent to the round trip frequency of the laser cavity. Further comb attributes are
determined by the phase relation between these lasing modes. The beatings between neighbouring modes
in a frequency comb behave like coupled metronomes. They can either be synchronized in phase or anti
phase (see Figure 4.13(a)). In phase synchronization leads to a strong beat note and amplitude-modulation
of the optical carrier. Therefore, the comb state of in-phase synchronized beatings is referred to as an AM
comb. It is the state that is produced by passive mode locking and characterized by the emission of an optical
pulse train. Anti-phase synchronization is specified by equally distributed phases over the unit circle by 2π.
As beatings with a phase difference of multiple π cancel each other out, the resulting beat note is strongly
suppressed. This can be seen in Figure 4.14(e) where the beat note in the FM case is suppressed by at least
30.9 dB compared to the AM case. Furthermore, a frequency-modulated optical carrier is observed, which is
why this state is called frequency-modulated (FM) comb. Experimentally, AM combs can be generated with
the help of a saturable absorber. FM combs require a form of damping, that can be achieved without the use of
an absorber or still by applying a low reverse bias to the absorber section (see section 2.2.6). The full SWIFTS

Figure 4.14: Illustration of the results from [5] with a 4mm long quantum dot laser. (a) SWIFTS characteri-
zation of the amplitude-modulated (AM) comb state. (b) The optical time reconstruction yields
8.9 ps long optical pulses. (c) SWIFTS characterization of the frequency-modulated (FM) comb
state. (d) The optical time reconstruction yields no pulses and quasi continuous wave optical
output. The instantaneous frequency is linearly swept across on round-trip. (e) Radio-frequency
spectrum of the amplitude-modulated comb state (blue) and the frequency-modulated comb
state (red). The weak beat note in the frequency-modulated comb indicates a strong suppression
of amplitude modulations. (f) Intensity-autocorrelation results for the amplitude-modulated
comb state (blue) and the frequency-modulated comb state (red). The amplitude-modulated
comb states shows optical pulses.
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results of the two different states are depicted in Figure 4.14(a)-(d). These two states were produced at a gain
current of 160mA in the gain section and an absorber reverse bias voltage of either 4 V for the AM comb and
0V for the FM comb. The AM comb shows phases spanning over 0.22·2π leading to 8.9 ps short optical pulses
in the time reconstruction. The FM comb shows phases spanning over 2π with quasi continuous wave optical
output. This behaviour is also reproduced with nonlinear intensity auto-correlation depicted in Figure 4.14(f).

Conclusion In conclusion, AM and FM comb generation was demonstrated in a single quantum dot laser by
changing the absorber reverse bias voltage. Their underlying physical mechanisms can be directly related to
oscillators coupled through the intermode beating. This leads to a strong beat note in AM comb operation
and a weak beat note in FM comb operation.

4.3.6 Low phase noise amplitude-modulated & frequency-modulated combs

Aim In this section, first, the biasing dependent generation of two types of comb states in a 2mm long (20GHz)
two-section quantum dot laser (QD7) is presented and discussed. Second, based on the obtained insight, the
comb state, optical pulse width and RF beat note line width in dependence on absorber-to-total length (ATTL)
ratio and the doping concentration in the GaAs spacer layers is investigated. Therefore simplified results on
comb state, RF line width and pulse width for QD3, QD5, QD7-QD10, QD12-QD14, QD17, QD18, QD20, QD22
and QD23 are presented in dependence on the gain current and absorber reverse bias voltage. Additionally
these results are expanded by pulse measurement results of QD1, QD2, QD4, QD11, QD15, QD16 and QD21.
All laser structures where presented in section 3.1 in table 3.1. Goal of this chapter is to study the impact of
the ATTL ratio on the generation of frequency-modulated (FM) and amplitude-modulated (AM) combs as
well as on the optical pulse width (amplitude-modulated comb state) and the RF beat note line width and to
show how to build a frequency-modulated comb generator and to show the way to shortest optical pulses in
two-section monolithic quantum dot lasers by ATTL variation.

Phase Relation Changes In order to identify biasing regimes where two different comb states are generated,
the phase relations of undoped laser (QD7) (15.7% ATTL ratio), measured by beat note spectroscopy, are
depicted in dependence on the gain injection current and the absorber reverse bias voltage in Figure 4.15.
To identify FM and AM comb states in the following measurements, FM comb operation will be present
when phase relation span across 2π. In contrast, for amplitude-modulated combs, phase relations span
over a smaller range than 2π. Additionally AM comb operation can be proven with nonlinear intensity
auto-correlation where optical pulses can be measured. At 0V and 1V reverse bias voltage, equalling low
absorption and low losses, the laser phase relations span across 2π for all investigated injection currents (grey
area in Figure 4.15), indicating frequency-modulated comb generation. At 2 V reverse bias voltage, the laser
is operating as an amplitude-modulated comb for gain currents of 150mA, 200mA and 250mA and exhibits
frequency-modulated comb characteristics for a gain current of 300mA at 2V absorber reverse bias voltage.
For 3 V to 5V the laser is operating as an amplitude-modulated comb for all gain currents investigated showing
that a certain amount of absorption is necessary to achieve a saturable absorber for passive mode-locking
and stable optical pulses. By Figure 4.15) it becomes evident that with increasing gain current the chirp is
increased due to stronger self phase modulation and increasing dispersion in the gain medium. Shortest pulses
would be expected at high absorber reverse bias voltages and low gain injection currents due to the lowest
chirp within the optical pulse. The optical spectra evolution corresponding to Figure 4.15 is shown in the
Appendix (Figure 7.3). Broadest frequency comb widths of 11.3 nm (-3 dB) are generated at high reverse bias
voltages of 6 V. The box shaped optical spectrum for frequency-modulated combs and the Gaussian-shaped
optical spectrum for amplitude-modulated combs could be verified.
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Figure 4.15: Phase relations of the two-section quantum dot laser (QD7, 15.7% ATTL ratio) in dependence
on the gain injection current and the absorber reverse bias voltage. For low voltages and high
gain currents, frequency-modulated comb operation with a phase relation spanning over 2π is
observed (grey). For high absorber reverse bias voltages amplitude-modulated comb operation
is observed. The chirp is increased with increasing gain current due to stronger self phase
modulation.

Pulse Generation A mapping of the pulse width is depicted in Figure 4.16(a) measured with a non-linear
intensity auto-correlator. The pulse width is determined by Gaussian fits to the experimental data. As expected,
shortest optical pulses are found at high reverse bias voltages and low gain currents, at the bias conditions with
the least amount of chirp (see Figure 4.15). A shortest pulse width of 1.23 ps is found at 80mA gain current
and 6V absorber reverse bias voltage. At the frequency-modulated comb regime identified in Figure 4.15),
the laser generates no optical pulses, as the frequency-modulated comb generates a quasi continuous-wave
emission output.

Low noise region Low RF Line width indicates a comb with low phase noise. A decrease in RF peak power
of frt can indicate the transition from amplitude to frequency-modulated combs as explained in the previous
section and published in [5]. The RF beat note line width has therefore been measured as a function of gain
current and reverse bias voltage. Results are depicted in Figure 4.16(b). For low currents below 100mA the
laser is howing broad RF line widths in the region of 1MHz for nearly every absorber reverse bias voltage. For
higher gain currents the RF line width reduces with a broad area (dark blue/purple area) from 2V to 5V
and 150mA to 300mA with RF line widths below 1kHz. A lowest RF line width of 77Hz (300mA, 5V) is
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Figure 4.16: Pulse width and radio-frequency line width in dependence on the gain injection current and
absorber reverse bias voltage for QD7 at 20°C. (a) Pulse width. (b) Radio-frequency line width.

obtained which is much better then the state-of-the-art in RF line widths in quantum dot lasers presented in
section 3.1 where the lowest reported RF line width so far is 400Hz.

To emphasize the transition from amplitude-modulated comb operation to frequency-modulated comb opera-
tion with increasing gain current, Figure 4.17 depicts the RF beat note signal-to-noise ratio for an absorber
reverse bias voltage of 2 V which shows a decrease by around 9 dB in the transition from amplitude-modulated
comb operation to frequency-modulated comb operation although the average optical output power is in-
creasing. This has been explained in the previous section and in [5]. This is an indication, without any
interferometric measurement, that the laser transits from amplitude-modulated comb operation to frequency-
modulated comb operation. In particular, as the RF beat note line width stays well below 1kHz (895Hz at
250mA and 966Hz at 300mA).

Comb State Regimes in dependence on the ATTL ratio Having highlighted the general trends of FM and
AM comb generation in a two-section quantum dot laser initially in [5], and as a function of gain current
and reverse bias voltage in this section, in the following, the comb state regions will be explored for two-
section quantum dot lasers with undoped, medium doped and strongly doped active region. Additionally
the ATTL ratio is now discussed with the focus on amplitude- and frequency-modulated comb operation
regimes, shortest optical pulses (<5ps) and narrow radio-frequency line widths (<10 kHz) for all quantum
dot lasers. The results for the undoped devices are depicted in Figure 4.18(a)-(e) with QD7 in Figure 4.18.
Amplitude-modulated comb operation is depicted in light grey and frequency-modulated comb operation in
dark grey. Short pulses with pulse widths below 5ps are indicated blue and narrow RF line widths below
10 kHz are depicted red. All measurement data underlying Figure 4.18 can be found in Appendix section 4.36.
The lasing threshold is increasing with increasing absorber reverse bias voltage for each laser and the lasing
threshold is increasing with increasing ATTL ratio. Both parameters increase the optical losses in the laser.
The ATTL ratio leads to a shift in the amplitude-modulated and frequency-modulated comb operation regimes.
The frequency-modulated comb operation regime reduces with increasing ATTL ratio beacuse an increased
ATTL ratio leads to increased losses favouring amplitude-modulated comb operation. It is also visible that
an increased ATTL ratio increases the regime for narrow optical pulses. Stronger absorption in the saturable
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Figure 4.17: (a) RF beat note signal-to-noise ratio for the 2mm long quantum dot laser (QD7) for an absorber
reverse bias voltage of 2V. A drop in the RF beat note signal-to-noise ratio by about 9 dB is
observed with increasing gain current although the average optical output power is increasing.
This is a clear indication that the laser is switching from amplitude-modulated comb operation
to frequency-modulated comb operation since the RF beat note line width stays well below 1 kHz
(895Hz at 250mA and 966Hz at 300mA). (b) Radio-frequency spectrum at 200mA and 2V. (c)
Radio-frequency spectrum at 300mA and 2V.

absorber induced by either a longer absorber or an increased absorber reverse bias voltage leads to a stronger
pulse shortening effect in the absorber and thus shorter optical pulses. This trend can be clearly observed
in Figure 4.18(a)-(d). The ATTL ratio of 23.4% is too large and the absorption at 6V absorber reverse bias
voltage too strong to develop stable optical pulses. To summarize the findings for the undoped quantum
dot lasers, the path to building frequency-modulated comb generators directs towards small ATTL ratios,
thus short absorber sections. The extreme case, a cavity without a saturable absorber, will be discussed in
chapter 4.4. The path towards amplitude-modulated combs with narrow pulses suggests considering large
ATTL ratios, or long absorber sections, respectively.

Comb State Regimes in dependence on the doping In a next step, the impact of doping on the amplitude-
and frequency-modulated comb regimes, RF line width and pulse width will be presented and discussed. The
comb state results for the medium doped quantum dot lasers are depicted in Figure 4.18(f)-(i). The basic
trends seen for the undoped devices are confirmed with the medium doped one. Lasing threshold is increasing
with increasing ATTL ratio, the amplitude-modulated comb region is increased with increasing ATTL ratio and
the frequency-modulated comb are is decreased with increasing ATTL ratio. The main difference of the medium
doped device and the undoped device is that narrow RF line widths are identified at lower gain currents with
a decrease of around 50mA. This trend is evident for all ATTL ratio while comparing the undoped devices
with the medium doped devices. The region with narrow optical pulses stays nearly the same for the medium
doped devices compared to the undoped ones. This leads to a larger overlapping region in terms of absorber
reverse bias voltage and gain injection current for the areas with small RF line widths and narrow optical pulses.

Hence, doping leads to a larger bias operation region for amplitude modulation comb generation with narrow
RF line widths (<10 kHz) and narrow optical pulses (<5ps). A mapping of the phases and the comb spectra
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analogues to the undoped QD7 is depicted in the Appendix for the medium doped QD12 showing basically
the same trends in terms of chirp and comb spectra evolution (Figure 7.4 and Figure 7.5).
In a last comparative step, the doping concentration is increased even further (details on the devices in
section 3.1). Results for the strongly doped quantum dot laser devices are depicted in Figure 4.18(j)-(n).
Again, the observed trends for undoped and medium doped devices can be seen here as well, namely
the threshold increase with increasing ATTL ratio and the increasing region of amplitude-modulated comb
operation with increasing gain current. The main difference of the strongly doped devices to the undoped and
medium doped devices regarding the RF line width trend: the region with low RF line widths is no perfectly

Figure 4.18: Comb regimes of the undoped (top row, a-e), medium doped (middle row, f-i). and strongly doped
(bottom row, j-n) quantum dot laser devices in dependence on the gain current and the absorber
reverse bias voltage at 20°C. Light grey areas indicate amplitude-modulated comb operation.
Dark grey areas frequency-modulated comb operation. Areas with pulses below 5ps (blue) and
RF line widths below 10 kHz (red) are indicated.
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connected area anymore. At 4V for example in Figure 4.18 at currents from 110mA to 150mA broad RF
linewidths are observes wheres at lower currents than 110mA and at higher currents than 150mA narrow
RF linewidths can be observed. Regarding Figure 4.18(j),(k) and (m), one can see that a connected area is
found at low currents and high absorber reverse bias voltages and also a second connected area at higher gain
currents and lower absorber reverse bias voltages. Nevertheless the overlapping area of small RF line widths
with the area of narrow pulses is still larger than the one for the undoped devices and comparable with the
overlapping area of the medium doped devices.

Doping and ATTL ratio impact Overall, doping and ATTL ratio strongly influences the comb state regions in
two-section quantum dot comb lasers. Doping reduces the gain injection current threshold for narrow RF
line widths (<10 kHz) for all applied absorber reverse bias voltages. Second, the region for narrow pulses
(<5ps) is nearly independent on the doping and increases with increasing ATTL ratio. Third, small ATTL
ratio favour frequency-modulated comb operation. Fourth, strong doping leads to separated areas for small
RF line widths. Fifth, the overall region for frequency-modulated comb operation is increased for doped lasers
in comparison to undoped devices comparing lasers with similar ATTL ratio. This can be explained simply by
the fact that the absorption per unit length is slightly decreasing with increasing doping level as can be seen
in section 4.2.2. Strong absorption favors amplitude-modulated comb operation.

Narrowest pulses Following the identification and discussion of comb state regimes, the optimum values of
pulse width of the 2mm long quantum dot laser devices are presented and discussed in dependence on the
ATTL ratio. Therefore, the shortest optical pulse widths for the undoped, medium doped and strongly doped
devices are plotted in Figure 4.19. Regarding the undoped devices in Figure 4.19(a), one can see that the
shortest obtained pulse width is decreasing from around 2.5 ps at 3.7% ATTL ratio down to 1.1 ps at 18.8%
ATTL ratio.

Figure 4.19: Shortest pulse width for the three different quantum dot laser materials for different absorber-
to-total length ratio. All measurements are performed at 20°C and optimized for laser biasing
conditions. The ATTL ratio is plotted on the horizontal axes. (a) Shortest pulse width for all
investigated undoped lasers (QD1-QD9 except QD6). (b) Shortest pulse width for all investigated
medium doped lasers (QD10-QD15). (c) Shortest pulse width for all investigated strongly doped
lasers (QD16-QD23 except QD19).
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The shortest pulse for ATTL ratios smaller 20% are always found at the maximum applied absorber reverse
bias voltage, here at 6V. The higher the absorber reverse bias voltage, the stronger is the pulse shortening
effect of the saturable absorber. Additionally, with longer absorber lengths the pulse shortening gets stronger,
commonly reported in literature [138]. At 23.4% ATTL ratio, the shortest pulse width is not following the
descending trend with ATLL ratio and the pulse width increases to 1.72 ps. The reason for this trend is that
the absorber section is too long and the laser is not building up stable pulses at 5 V and 6V absorber reverse
bias voltage and low gain currents due to a too strong absorption. For that reason, the shortest optical pulses
are found here at only 4V absorber reverse bias voltage where the pulse shortening effect is not that strong
compared to 6V. Shortest optical pulses are always found close to the lasing threshold because with increasing
gain injection current the dispersion in the gain medium is increasing. A similar trend can be observed for the
medium doped laser devices depicted in Figure 4.19(b). Until 20% ATTL ratio, the shortest pulse width is
decreasing and for ATTL ratio values beyond 20% the ATTL ratio is increasing due to too strong absorption at
high reverse bias voltages. A shortest pulse width of 970 fs is generated at 19.9% ATTL ratio. The trend for
the strongly doped devices is shown in Figure 4.19(c). Here, the descending trend with increasing ATTL ratio
is observed up to an ATTL ratio of 24.5%. At this ATTL ratio a shortest pulse width of 970 fs is observed. The
increasing trend for too high values of absorption at large ATTL ratios cannot be observed here. This is due to
the fact that the absorption for the strongly doped laser devices is lower at the lasing wavelength compared to
the medium doped and undoped devices.

970 fs Pulse Width, 30Hz RF Line Width & 15.7 nm comb width In a final step, the achieved top values
with respect to comb width and comb stability are presented and discussed. The broadest generated comb is
depicted in Figure 4.20(a). It is generated by laser QD14 (ATTL ratio 23.8%, medium doped) at 250mA gain

Figure 4.20: Spectra of the achieved top values with respect to comb width, pulse width and comb stability
for the 2mm quantum dot lasers. (a) Optical spectrum for QD14 at 250mA and 6V revealing a
-3 dB spectral width of 15.7 nm. (b) Auto-correlation trace of QD13 at 83mA and 6V revealing a
full width at half maximum of 1.38 ps belonging to a de-convoluted pulse width of 970 fs. (c)
Phase noise trace for QD3 at 240mA and 4V revealing an RF line width of 30Hz.

injection current and 6V absorber reverse bias voltage and spans 15.7 nm containing 152 optical carriers with
a 19.4GHz mode spacing or frt. The shortest obtained optical pulse widths are generated by laser QD13 (ATTL
ratio 19.9%, medium doped) at 83mA and 6V or and by laser QD23 (ATTL ratio 24.5%, strongly doped) at
110mA and 6V and amount to 0.97 ps. The auto-correlation trace for QD13 is depicted in Figure 4.20(b)
including a Gaussian fit with a full width at half maximum of 1.38 ps. The de-convoluted pulse width is
970 fs. The lowest RF line width found is depicted in Figure 4.20(c). The phase noise spectrum reveals an RF
line width of 30Hz for QD3 (ATTL ratio 7.6%, undoped) at 240mA and 5V resembling an excellent timing
stability of the emitted pulse train. A detailed summary of all top values is given in Table 4.5.
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Table 4.5: Best values of investigated 2mm long two-section quantum dot laser structures
number wafer ATTL narrowest pulse Lowest RF line width Lowest RF line width Broadest comb (-3 dB)

ratio Amplitude-modulated Frequency-modulated

QD3 1790 7.6% 2.04 ps (38mA, 6V) 30Hz (240mA, 4V) 240Hz (280mA, 1V) 7.8 nm (130mA, 6V)
QD5 1790 11.8% 1.30 ps (57mA, 6V) 32Hz (300mA, 4V) 212Hz (260mA, 1V) 9.6 nm (200mA, 5V)
QD7 1790 15.6% 1.23 ps (80mA, 6V) 77Hz (300mA, 5V) 164Hz (120mA, 0V) 11.3 nm (190mA, 6V)
QD8 1790 18.8% 1.10 ps (105mA, 6V) 76Hz (220mA, 6V) 124Hz (220mA, 0V) 13.2 nm (250mA, 6V)
QD9 1790 23.4% 1.72 ps (110mA, 4V) 311Hz (300mA, 3V) 47Hz (290mA, 0V) 10.6 nm (290mA, 5V)

QD10 2073 5.8% 2.74 ps (40mA, 6V) 1873Hz (60mA, 6V) 90Hz (200mA, 4V) 7.6 nm (100mA, 6V)
QD12 2073 15.9% 1.25 ps (70mA, 6V) 160Hz (300mA, 4V) 240Hz (260mA, 1V) 11.1 nm (160mA, 5V)
QD13 2073 19.9% 0.97 ps (83mA, 6V) 96Hz (270mA, 5V) 269Hz (140mA, 0V) 14.0 nm (210mA, 5V)
QD14 2073 23.8% 1.22 ps (109mA, 5V) 99Hz (280mA, 5V) 144Hz (190mA, 0V) 15.7 nm (250mA, 6V)

QD17 2074 10.4% 1.99 ps (50mA, 6V) 83Hz (190mA, 3V) 88Hz (230mA, 2V) 8.6 nm (250mA, 3V)
QD18 2074 13.9% 1.51 ps (60mA, 6V) 118Hz (300mA, 3V) 87Hz (300mA, 4V) 9.4 nm (220mA, 5V)
QD20 2074 15.5% 1.52 ps (60mA, 6V) 40Hz (300mA, 4V) 246Hz (270mA, 2V) 10.4 nm (280mA, 5V)
QD22 2074 19.4% 1.17 ps (72mA, 6V) 392Hz (170mA, 2V) 546Hz (300mA, 2V) 11.1 nm (180mA, 5V)
QD23 2074 24.5% 0.97 ps (110mA, 6V 456Hz (300mA, 5V) 233Hz (280mA, 0V) 11.9 nm (270mA, 5V)

All measurement data are presented in Appendix section 4.36. Looking at the broadest comb width in table 4.5
one can see that with increasing ATTL ratio the broadest found comb width is increasing. This trend can be
observed for the undoped devices as well as for the doped ones. Except of laser QD17, the broadest comb for
each laser is generated at high absorber reverse bias voltages, here at 5 V or 6V. Amplitude-modulated comb
regions exhibit the broadest combs. The frequency-modulated optical frequency combs contain around 40%
less modes than the amplitude-modulated ones. The region for broad combs at high absorber reverse bias
voltages coexists with the region of small optical pulses also at high absorber reverse bias voltages. Higher
losses favors broader optical frequency comb spectra. Looking at the lowest RF line widths, it becomes evident
that every laser reveals excellent timing stability at specific bias parameters. All lasers, except laser QD10,
exhibit values well below 1 kHz. For the amplitude-modulated comb lasers no real trend of the lowest found
RF line width on the ATTL ratio and bias conditions is observable. Looking closely at the frequency-modulated
comb lasers it is suggested, that a certain amount of absorption is required in order to attain stable frequency-
modulated comb operation. The lowest RF line width at the highest ATTL ratio is present at 0V absorber
reverse bias voltage for the undoped and doped devices. Whereas at low ATTL ratios, the lowest RF line
width is identified at absorber reverse bias voltages ≥ 1V confirming that a certain amount of absorption is
necessary for stable frequency-modulated comb operation.

Having discussed the top values of the investigated quantum dot lasers, the next sections of this thesis will
focus on some special behaviour of particular quantum dot lasers including higher harmonic comb generation
and temperature dependence of pulse width and RF line width.
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4.3.7 Higher harmonic combs

Most of the 2mm long two-section devices except of QD1, QD2, QD3, QD10 and QD16 generate combs at
frt of 20GHz. Lasers with very short saturable absorber sections below 10% ATTL ratio generate harmonic
amplitude-modulated combs at 2× frt, meaning that not only one pulse is circulating inside the laser cavity
but two pulses for second harmonic comb generation or even three pulses for third harmonic comb (3× frt)
generation are circulating inside the laser cavity. This phenomenon is depicted for the undoped quantum
dot laser with the ATTL ratio of 7.6%, QD3 in Figure 4.21. Figure 4.21(a) and (b) depicts the intensity

Figure 4.21: Harmonic comb generation in QD3 (7.6% ATTL) at 6V absorber reverse bias voltage. (a) Auto-
correlation trace up-sweep for 70mA to 118mA in steps of 2mA. At 100mA the laser switches to
second harmonic comb generation and at 110mA to third harmonic comb generation. (b) Auto-
correlation trace down-sweep for 118mA to 70mA in steps of 2mA. At 100mA the laser switches
to second harmonic comb generation and at 74mA back to fundamental comb generation. (c)
Top: RF beat note tracking for the up-sweep and down-sweep. Bottom: RF line width for the
up-sweep and down-sweep. At 60GHz no RF line width could be measured due to the limited
bandwidth (<45GHz) of the detection set-up.

auto-correlation measurement of laser QD3. For increasing currents, the laser is switching to second harmonic
comb generation at 100mA doubling the number of pulses inside the laser cavity and reducing the pulse
distance from 50ps to approximately 25 ps. At 110mA the laser is switching to 60GHz and third harmonic
comb generation. This phenomenon is only observed in lasers with short absorber sections due to the higher
gain per round trip supporting more than one pulse inside the laser cavity. For decreasing currents, the laser
is switching from third harmonic comb generation to second harmonic comb generation at 100mA and to
fundamental comb operation at 74mA. The strong hysteresis effect in the up-sweep and down-sweep in the
regime from 76mA up to 98mA shows that at this gain currents a bi-stability between the fundamental comb
operation and the second harmonic comb operation is evident. The comb operation solution is depending on
the starting conditions if the gain current is increased or decreased to reach a certain gain current value and
on the harmonic comb state from which the current is changed. This can be seen as well in the top graph in
Figure 4.21(c). Here, the round trip frequency for the gain current up-sweep (blue) and down-sweep (red) is
depicted. The bottom graph shows the corresponding RF line width. For all operation points in this regime
stable optical frequency comb generation is evident with RF line widths below 100 kHz. It is obvious that
the red curve (down-sweep) shows higher RF line widths than the blue curve (up-sweep). This can be seen
easily from the timing phase noise power spectral density which is proportional to the RF line width and
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proportional to the square of the round trip frequency (see equation 2.5 in chapter 2). The basic trend for the
20GHz round trip frequency and the 40GHz round trip frequency is the same except the two points at 76mA
and 78mA which are close to the jump to fundamental comb operation.

4.3.8 RF line width & pulse width dependence on laser temperature

In a next step temperature studies for the three investigated doping concentrations are performed proving the
usage of quantum dot comb lasers in telecommunication applications without additional cooling. Therefore,
in the following, the temperature dependence of the light output power characteristics of laser QD07, QD12
and QD22 are presented. Then, the comb state regimes will be presented for all three lasers at an elevated
temperature of 60°C. All lasers exhibit a rather similar ATTL ratio, ranging from 15% to 20%. The output
power characteristics in dependence on the gain injection current are depicted in Figure 4.22 for an absorber
reverse bias voltage of 0 V. Results presented in Figure 4.22 indicate that the lasing threshold increase with

Figure 4.22: Average output power characteristics for 20°C and 60°C at 0V absorber reverse bias voltage for
the undoped, medium doped and strongly doped lasers. (a) QD07. The threshold is increasing
by 30mA. (b) QD12. The threshold is increasing by 20mA. (c) QD22. The threshold is increasing
by 10mA.

temperature increase is strongly dependent on the doping. The undoped devices threshold is increased by
30mA, whereas the medium doped devices threshold is increased by only 20mA and the strongly doped
devices threshold is increased by just 10mA. This is the expected trend already discussed in chapter 4.2.3.
Second, regarding the slope efficiencies (the increase of power vs. gain current), the medium doped laser
shows the least decrease. For the medium doped laser the slope efficiency is decreased from 0.248W/A to
0.226W/A, a decrease by about 8.6%. The undoped device and the strongly doped device show a much
higher decrease compared to the medium doped device by about 13.7% for the undoped device and 14.5%
for the strongly doped device. The experimental results for the comb state regions identified are depicted
in Figure 4.23. For laser QD07 (undoped), the frequency-modulated comb region is clearly diminished in
contrast to to the 20°C results in Figure 4.18(c). This can be explained by the higher losses due to the higher
temperature. Higher losses favour amplitude-modulated comb operation. Cataluna et al. [257] predicted that
the pulse duration for a fixed gain injection current in quantum dot amplitude-modulated combs decreases
with increasing temperature due to an increase in the carrier capture/escape rates in the saturable absorber
with temperature and thus faster absorption recovery. In principle this trend can be observed here as well as
the regime for short pulses (blue) is shifted to higher gain currents and comparing the 20°C map with the
60°C map in Figure 4.23(a) it becomes evident that for the same gain injection current, for example at 5 V and
250mA, the pulse width is here below 5ps and at 20°C above 5 ps. Nevertheless, the conclusion that shorter
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Figure 4.23: Mapping of the strongly doped quantumdot laser devices in dependence on the gain current and
the absorber reverse bias voltage at 60°C. Light grey areas indicate amplitude-modulated comb
operation. Dark grey areas frequency-modulated comb operation. Areas with pulses below
5ps (blue) and RF line widths below 10 kHz (red) are indicated. (a) 2mm long two-section laser
QD07 (undoped) with an ATTL ratio of 15.6%. (b) 2mm long two-section laser QD12 (medium
doped) with an ATTL ratio of 15.9%. (c) 2mm long two-section laser QD22 (strongly doped) with
an ATTL ratio of 19.4%.

pulses can be generated at higher temperatures appears non conclusive, taking into account the pulse widths
depicted in Figure 4.23. The regime of short pulses is just shifted to higher gain currents with increasing
temperature. While at 20°C, short optical pulses (short than 5 ps) are generated at 50mA, at 60°C the laser is
below threshold for all absorber reverse bias voltages at 50mA. The shorter pulses at higher gain currents can
be additionally explained by a smaller effect of the gain induced dispersion by the semiconductor material
as the gain is drastically diminished at 60°C, as compared to 20°C. The effects of the shift of short pulses to
larger gain currents and a decrease of the frequency-modulated comb regime by increasing temperature can
additionally be observed for lasers QD12 (medium doped) and QD22 (strongly doped) in Figure 4.23(b)
and (c). These two effects are much less pronounced for laser QD12 (medium doped) and even more less
pronounced for laser QD22 (strongly doped). To sum up, doping gives a much better resistance to RF line
width changes and pulse width changes in dependence on the operating bias for frequency comb operation at
high temperatures.

To shortly sum up the whole chapter 4.3, the existence of two synchronization states in quantum dot lasers
has been demonstrated controlled by the absorber reverse bias voltage, the gain current and the absorber to
total length ratio of the device. The exceptionally low radio-frequency line widths below 100Hz were verified
via gain, absorption, and dispersion measurements that allowed to serve as input to an analytical model. In a
next step of this thesis, ultrafast modulations in FM combs will be demonstrated and discussed.
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4.4 Ultrafast modulation in frequency-modulated quantum dot comb lasers:
Experimental demonstration

This chapter focuses on the extreme value for the ATTL ratio, namely zero. It reviews the road to frequency-
modulated comb generators in the extreme case of no absorber section looking at single section 1mm long
quantum dot lasers based on own results. First, intensity auto-correlation characteristics of frequency-
modulated combs are discussed. Second, single section devices for frequency-modulated comb operation are
presented and discussed.

4.4.1 Intensity auto-correlation characteristics

Introduction Frequency-modulated comb operation in single-section and multi-section lasers is challenging
to prove. The quasi-continuous light output is supposed to make it indistinguishable from unlocked operation
when measuring with the intensity auto-correlator. Indications are a narrow beat note with a small amplitude.
A real prove is only possible when the phase relations of the modes are measured. SWIFTS is able to prove
frequency-modulated comb operation, however, especially frequency-modulated combs are challenging to
characterize by SWIFTS, as their beat note is not very strong, as demontrated in section 4.3.6 and in [5].
However, the beat not signal is critically required as a reference signal for the lock-in amplifier. No measuring
technique is able to prove frequency-modulated comb operation with broader RF line widths as 10 kHz.

Aim In this section, the auto-correlation time signal of a frequency-modulated comb should be compared to
the reconstructed time signal from SWIFTS for a frequency-modulated comb. The light of quantum dot comb
laser QD11 operating in frequency-modulated comb state is guided through optical fibers of different lengths
and the light output is analyzed by SHG intensity auto-correlation (AC). Then, SWIFTS will be employed and
the AC will be calculated and compared to the SHG AC. The goal is to explore a fast modulation that can be
observed when measuring SHG AC of frequency-modulated combs.

Experiment QD11 is biased at 1 V at the absorber section and the gain section current is varied from 180mA
to 300mA. In this region the laser is working as a frequency-modulated comb. The light is guided through a
9m long fiber or through a 55m long optical fiber before entering the intensity AC to investigate the additional
dispersion induced by the fiber on the signal.

Results The measured AC traces are depicted in Figure 4.24(a) and (b) for different gain currents in the
frequency-modulated comb regime of QD11. The total fiber lengths amount to 9m and 55m (red). The fiber
has a dispersion of 23 ps2km−1 introducing an additional GDD of around 1 ps2. After traveling through the
optical fibers in two separate experimental studies, a modulation at zero delay is present in the AC spectra.

The AC results in Figure 4.24(a) indicate a significant modulation for all three biasing conditions after the
light travelled through the long fiber. Even though the modulation is stronger for the measurement behind
the long fiber (red), the data shows that this modulation is already present after traveling through the short
fiber (blue). The additional group delay dispersion simply leads to a higher modulation amplitude what will
be proven with a SWIFTS time reconstruction in the following. Yet, the physical origin of this fast modulation
is unclear, it is quite evident, that the modulation frequency strongly correlates with the width of the optical
spectrum. This is supported by an exemplary optical spectrum of a frequency comb depicted in Figure 4.24(c).
The spectrum consists of two strong mode groups both at the edges of the optical spectrum. The optical
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spacing of both groups is identical to the frequency of the auto-correlation signal. In the case of laser QD11,
the frequency at 1 V and 250mA evaluates to 0.8 THz as indicated.

Figure 4.24: SHGAuto-correlation results of 2mm long two-section laser QD11. (a) Intensity auto-correlation
traces for QD11 operating as an FM comb at different gain currents. The blue trace indicates the
signal after traveling through 9m of optical fiber, red marks the AC trace for a 55m fiber travel
distance. (b) Zoom of the AC trace’s oscillation at 1 V and 250mA. With a frequency of 0.8 THz,
this perfectly resembles the distance between the two main spectral components at the outer
parts of the optical spectrum. (c) Corresponding optical spectrum at 250mA and 1V for QD11.

SWIFTS results SWIFTS results of laser QD11 are compared to the intensity auto-correlation results of
QD12, which is simply due to the missing SWIFTS data for QD11. Nevertheless, the results of intensity
auto-correlation in Figure 4.24 and SWIFTS auto-correlation in Figure 4.25 both show identical results.
The modulation amplitude increases for stronger chirped frequency-modulated combs and the modulation
frequency directly correlates with the spectral spacing of the outer mode groups. The trace for 9m and 55m
are calculated from the real SWIFTS time trace by adding the additional induced dispersion by the fiber. A
modulation can be observed in the SWIFTS auto-correlation traces (see Figure 4.25(a)) as in the SHG AC
traces in Figure 4.24.
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Figure 4.25: Calculated auto-correlation from SWIFTS results for 2mm long two-section laser QD12 in
frequency-modulated comb operation. (a) Auto-correlation trace from the reconstructed
SWIFTS intensity of QD12 at 300mA and 1V. The time reconstructions are calculated with
the additional pulse chirp that the optical fiber introduces. Blue shows the signal with a simu-
lated fiber travel of 9m, red shows the signal for 55m. (b) Zoom of the AC trace’s oscillation.
With a frequency of 0.7 THz, this correlates with the distance between the two main spectral
components at the outer parts of the optical spectrum. (c) Optical spectrum.

Conclusion Combining all results it gets evident, that the frequency-modulated combs show the observed
beating in the auto-correlation traces which is proven by SWIFTS and can be enhanced by longer fibers induc-
ing an additional dispersion. In many cases, like for example in Figure 4.24 with QD12, the modulation is very
small and therefore not observed. Additionally this modulation is not only observed in frequency-modulated
quantum dot comb lasers, measurements have shown that also 2mm long quantum dot multi-mode lasers
show this modulation in the auto-correlation trace although these lasers do not even produce an RF beat note.
This indicates that this AC modulation is a quantum dot intrinsic phenomenon. The reason for this oscillation
is still unkown and requires further investigations. From literature one can suggest that these quantum dot
lasers show a similar effect seen in quantum cascade lasers called Rabi flopping [258] and that this oscillation
is subject to Rabi oscillations in the quantum dots.

4.4.2 Single-section quantum dot laser SWIFTS comb proof

This section will prove frequency-modulated comb operation in a single section quantum dot laser. Results
will be discussed in the framework of existing initial data in literature as well as by the results presented in
the previous section. Lu et al. [259] or Liu et al. [139] reported fs-pulses in single section quantum dot lasers
although this oscillation was visible in their measurements. For QDX (1.026mm total length) one observes a
narrow beat note at around 40GHz at 480mA and the same oscillation.
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Results 1mm long two-section laser QDX (undoped) is studied where the absorber section and the gain
section are connected to form one single long gain section. This laser shows the same auto-correlation time
trace as depicted in Figure 4.24(a). The beat note is depicted in Figure 4.26(b). For acquiring the beat
note the signal from the fast photo diode is mixed down with a local oscillator with a frequency of 38.5GHz
and then amplified with a low noise low frequency amplifier due to the limited bandwidth of the electrical
spectrum analyzer of 26GHz. The corresponding phase noise spectrum is depicted in Figure 4.26(c) revealing
an RF beat note line width of around 750Hz what is narrow enough to do SWIFTS measurements at this

Figure 4.26: (a)-(c) Results of the homogeneously biased 1mm long two-section quantum dot laser (QDX)
biased homogeneously. (a) Intensity and SWIFTS interferograms measured with an FTIR. (b)
RF spectrum. (c) Phase noise spectrum revealing a radio-frequency beat note line width of
750Hz. (d)-(g) SWIFTS characterization of the homogeneously biased 1mm long quantum
dot laser (QDX). (d) Intensity spectrum. (e) SWIFTS spectrum (red) with mean intensity ampli-
tudes of neighbouring modes (blue). (f) Reconstructed phases. (g) Coherence for the optical
frequency comb laser proving full coherence across all modes as defined in the last paragraph
of section 4.1.2.
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operation point. The corresponding interferograms measured with the SWIFTS technique are depicted in
Figure 4.26(a) revealing a minimum at zero-path delay in both quadratures. This is a strong indication for
frequency-modulated comb operation.

Looking at the auto-correlation trace this laser shows the same behaviour reported in the previous section
with regard to the optical spectrum width (see Figure 4.24(a)). This oscillation in the AC trace is often
misinterpreted in the literature.

The full SWIFTS characterization is depicted in Figure 4.26(d)-(g) for a gain injection current of 480mA.
Figure 4.26(d) shows the intensity spectrumwhich is reconstructed from the intensity interferogram. 39 modes
spaced with approximately 40GHz are obtained within the -10 dB spectral width and the comb is spanning
scarce 10nm. Figure 4.26(e) shows the reconstructed SWIFTS spectrum with the averaged amplitudes of
two neighbouring modes from the intensity spectrum. Since the points are equal to the SWIFTS amplitudes,
all modes are locked proving optical frequency comb operation. The phases are depicted in Figure 4.26(f)
spanning across 2π proving frequency-modulated comb operation. Figure 4.26(g) shows the coherence which
is excellent and equals 1 for all modes proving that all modes are perfectly coherent.

Conclusion In conclusion, a 1mm short two-section quantum dot laser, biased homogeneously to form a
single section laser cavity, can generate frequency-modulated combs with full coherence across all optical
modes. Pulsed output in literature from single section quantum dot lasers has to be seen critical and may
require further prove or constitutes a special case.

4.5 Phase noise, beat note tuning & synchronization of near infrared comb
lasers: Experiment & Simulation

4.5.1 Optical feedback: State-of-the-art

Aim This chapter gives the state-of-the-art in optical frequency comb lasers subject to optical feedback.
Different active regions including quantum dash, quantum well, quantum dot and interband cascade lasers
are presented. The focus is on the radio frequency line width reduction and the radio frequency tuning by
different applied optical feedback strength K. Additionally the timing jitter representation in literature is
presented to compare it later to the results achieved in this thesis.

Status quo The following tables review the state-of-the-art published results for semiconductor comb optical
feedback experiments. Important parameter of each publication including round trip frequency, center
wavelength, feedback length and strength, round trip frequency line width with and without feedback, tuning
range and the timing jitter representation are presented. These tables will be used later in the thesis to classify
the results of this thesis into the available state-of-the-art and expand it.
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Table 4.6: State-of-the-art in single-cavity optical feedback experiments on semiconductor optical frequency
comb lasers.

year FM/AM active λ frt Lmac Lmac/Lcav OFB strength K ∆frt ∆frt σ
††
ptp σ

††
lt timing jitter f†††max ftune/fmax

comb region (solitary) (OFB) (solitary) (OFB) representation (theo.) (exp.)
µm GHz m kHz kHz fs fs MHz

H. Asghar et al. [260–262] 2017 FM QDh 1.56 20.7 117† 16 157 2·10−5 - 6.3·10−3 100 4 42 8.5 ∆frt / σrms 1.3 -
H. Asghar et al. [145, 263] 2018 FM QDh 1.56 20.7 117† 16 157 < 6.3·10−3 100 2 42 6 ∆frt / σrms 1.3 -

Y. Mao et al. [264] 2019 FM QDh 1.54 25.0 4 667 10−4 3.51 0.24 5.98 1.56 ∆frt/ σptp 37 -
C. Weber et al. [255] 2019 FM QDh 1.54 41.4 75 20 714 < 8·10−4 67 0.9 12.3 1.4 ∆frt / σptp 2 1
J. N. Kemal [265] 2020 FM QDh 1.54 25.0 0.3 50 - 30 2 17.5 4.5 ∆frt 500 -
T. Verolet [266] 2020 FM QDh 1.54 32.5 0.73 158 3.2·10−4 - 3.2·10−1 49 0.53 15 1.6 ∆frt 206 -

Z. G. Lu et al. [259] 2018 FM QD 1.54 25.0 4 667 5·10−5 - 5·10−4 10 0.3 10 1.7 ∆frt 37 -
Z.-H. Wang et al. [267] 2021 FM QD on Si 1.21 23.5 13.6 2136 3.2·10−5 - 10−1 900 8 105 10 ∆frt / σptp 11 -

T. Feng et al. [187] 2020 AM ICL 3.22 13.2 - - - 306 12 146 29 ∆frt - -
K. Merghem et al. [268] 2009 AM QDh 1.55 17.0 18.7† 2 125 6.3·10−3 1000 0.5 180 4 ∆frt 8 -
R. Rosales et al. [269] 2011 AM QDh 1.55 17.0 18.7† 2 125 10−4 - 6.3·10−3 370 0.5 109 4 ∆frt / σrms 8 1∗∗

E. Sooudi et al. [270] 2013 AM QDh 1.56 20.7 176† 20 000 5.2·10−3 1090 13 140 15.3 ∆frt 0.85 -
S. Breuer et al. [271] 2010 AM QD 1.25 05.0 7.5 250 4.8·10−8-3.8·10−3 0.6∗ 0.06∗ 28 8.7 σrms 20 -
G. Fiol et al. [272] 2010 AM QD 1.30 39.5 13.6† 3 584 6.3·10−2 80 2∗ 15 2.3 ∆frt / σrms 11 0.9∗∗

C.-Y. Lin et al. [118] 2010 AM QD 1.33 05.1 - - 10−6 - 3·10−3 8 0.35 100 21 ∆frt / σrms - -
C.-Y. Lin et al. [273] 2011 AM QD 1.32 05.3 26† 911 5·10−4 46 1.1 222 34 ∆frt / σptp 5.7 -

L. Drzewietzki et al. [119] 2013 AM QD 1.26 05.0 16 534 4·10−4 - 1.6·10−3 1.7 0.96∗ 46 35 ∆frt / σptp 9.4 -
D. Arsenijević et al. [274] 2013 AM QD 1.31 38.6 12† 3 090 6.3−6 - 2.5−2 - - - - ∆frt / σptp 12.5 0.7∗∗

D. Arsenijević et al. [274] 2013 AM QD 1.31 38.6 23† 5 922 6.3−6 - 2.5−2 187 1.9 22.8 2.3 ∆frt / σptp 6.5 -
R. Raghunathan et al. [275] 2014 AM QD 1.30 05.4 18 648 1.58·10−2 273 27 525 165 ∆frt 8.3 -

C. Simos et al. [276] 2014 AM QD 1.28 10.0 9.4 632 10−3 330 2 230 18 ∆frt 16 1∗∗

L. Jaurigue et al. [277] 2016 AM QD 1.25 20 33.4 4 444 1.7·10−2 1240 3.8 157 8.7 ∆frt / σrms 4.5 -
O. Solgaard et al. [278] 1993 AM QW 1.55 51.0 3.5 1 186 < 1.4 · 10−2 5400 56 80.5 8.2 ∆frt 43 -
O. Solgaard et al. [278] 1993 AM QW 1.55 51.0 0.5 158 < 7·10−3 10000 1.7 110 45 ∆frt 330 0.9∗∗

M. Haji et al. [279] 2012 AM QW 1.55 20 66 6250 2·10−3 155 0.432 55.5 2.93 ∆frt / σrms 3.2 -
S. Rauch et al. [280] 2015 AM QW 0.84 00.9 18 108 < 8·10−4 18.3∗ 183∗ 2000 200 σptp 8.3 -
D. Auth et al. [281] 2018 AM QW 1.07 13.6 6 544 4·10−4 - 1.43·10−2 405∗ 5.1∗ 160 18 σptp 25 1

Table 4.7: State-of-the-art in dual-cavity optical feedback experiments on semiconductor optical frequency
comb lasers

year FM/AM active λ frt Lmac,1 Lmac,2 OFB strength K ∆frt ∆frt σ
††
ptp σ

††
lt timing jitter ftune

comb region (solitary) (OFB) (solitary) (OFB) representation (exp.)
µm GHz m m kHz kHz fs fs MHz

H. Asghar et al. [260–262] 2017 FM QDh 1.55 20.7 117† 58† 6.3·10−3 & 6.3·10−3 100 1 42 4.2 ∆frt / σrms -
H. Asghar et al. [145, 262] 2018 FM QDh 1.55 20.7 104† 104† 1·10−2 & 2.5·10−3 100 1 42 4.2 ∆frt / σrms -

S. Stutz et al. [282] 2019 FM QD 1.26 40.7 16.5 9.4 1.8·10−4 & 1.4·10−4 1400 2 57.5 2.2 ∆frt 70

O. Nikiforov et al. [283] 2016 AM QD 1.25 13.5 1.6 0.9 5·10−2 & 5·10−2 0.3∗ 0.02∗ 4.4 1.1 σptp 290
L. Jaurigue et al. [277] 2016 AM QD 1.25 20 33.4 15.9 1.7·10−2 & 2.2·10−3 1240 1 157 4.5 ∆frt / σrms -
M. Haji et al. [279] 2012 AM QW 1.55 20 47† 16† 2·10−3 155 0.192 55.5 1.95 -

†: estimated from noise induced sidebands
††: if not stated, this value is calculated from ∆frt using Kefelian et al. [92] for two consecutive pulses (N=1)
†††: extracted from formula given in section 4.6.2 of this thesis
∗: estimated from σrms or σptp
∗∗: estimated from Graph (δν vs τ)

4.5.2 Optical feedback: Quantum well amplitude-modulated photonic integrated circuit comb

Aim In this section, the impact of time-delayed fine delay controlled optical feedback onto the radio frequency
beat note and timing jitter of a photonic integrated circuit quantum well ring laser is investigated. One aim is
to prove the universality of the developed model [119] (see section 4.6.1 for details) to all kind of optical
frequency comb lasers. Solitary laser results are published together in Lo et al. [169] and can be found in
Appendix section 7.1.

Status quo For the status quo on photonic integrated circuit ring lasers please refer to section 3.5 where the
laser used in this section is described.
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To control the pulse round trip frequency of monolithic mode-locked lasers and improve the pulse timing
stability optical feedback has been studied first for quantum-well lasers in 1993 [278] and since then for
mode-locked lasers with active regions based on quantum-well [279, 280], quantum-dash [255, 269] and
quantum-dot [119, 273, 277, 283, 284] materials. A full overview can be found in table 4.6 and table 4.7.
To reproduce and predict the impact of optical feedback by one or more external cavities a simple stochastic
time-domain model has been developed [119, 271]. For details see Appendix section 4.6.1. The model
is based on interaction between the back-injected optical pulses and the pulse within the laser cavity. By
changing length of the external optical feedback cavity a sawtooth shaped dependence of the pulse repetition
rate in dependence on this length is expected and the maximum repetition rate control range is inversely
depending on the total external feedback cavity length ([281],section 4.6.2). On the other hand larger
timing stability improvement is expected for longer cavities [119, 271]. This model has however neither been
applied to simulate the impact of optical feedback on photonic integrated circuit based lasers nor to simulate
extended cavity ring lasers. Injecting back the optical pulse train from one propagation direction into the
same waveguide leads to injection into the counter-propagating direction in the ring resonator.

Experimental set-up The InP photonic integrated circuit built as part of a multi-project waver run through
the Jeppix foundry coordinator at SMART Photonics with a predefined layer stack with active regions based
on InGaAsP/InP quantum-well gain media [181], features a symmetric extended cavity ring laser design,
consisting of two saturable absorber section, four gain sections, four electro-optic phase modulator sections
and in total four optical outputs which are tilted by 7◦ and anti-reflective coated to minimize unwanted
back-reflections (see section 3.5 for details).

The design and optical feedback set-up is schematically depicted in Figure 4.27 and its solitary mode-locking
properties have recently been investigated and reported [169]. In this section, the gain sections of the laser
are injected with a total current of 240mA while a reverse bias voltage of -2.8 V is applied to the absorber
sections. This operation parameters are chosen to achieve high fiber-coupled output power of 0.2mW and
a broad pulse width of 2.2 ps to provide a broad interaction width for optical feedback. The electro-optic

Figure 4.27: Schematic of the passively mode-locked extended cavity photonic integrated circuit ring laser
layout and the experimental optical self-injection set-up. The symmetric cavity includes four
gain sections (SOA) and two saturable absorber sections (SA). Two multimode-interference
coupler (MMI) provide in total 4 outputs labeled 1 to 4, to analyze light from the clockwise and the
counter-clockwise propagation direction. The electro-optic phase modulators (EOPM) and the
booster amplifier (BOA) in front of output 3 are left unbiased in the presented investigations. A
lensed optical single-mode fiber is used for coupling the light from output 4. Optical self-injection
is realized by a fiber-based self-injection cavity with a free-space part, consisting of a mirror
mounted on a high-precision linear translation stage.
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phase-modulator sections and the booster gain section, located at output 3, are left unbiased. Using a lensed
optical single-mode fiber the light emitted from output 4, which corresponds to clockwise propagating pulses
within the ring-cavity, is coupled with an approximated efficiency of 30%. By a fiber-based beam-splitter
half of this light is sent to the optical feedback cavity, consisting of an optical single-mode fiber containing
fiber-based polarization control, to optimize back-injection polarization, and a free-space based part consisting
of a variable optical attenuator to control the back-injected optical power and a mirror mounted on a linear
translation stage to control and tune the length of the optical feedback cavity by Lmic=9mm corresponding
to an additional round-trip time for the pulse of 60 ps.

The other half of the light, following an fiber-based optical isolator (isolation > 28dB) to prevent residual
optical feedback, is used to investigate the emitted light characteristics and mode-locking properties by
an optical spectrum analyzer (resolution 10pm), a fast photo-diode (electrical bandwidth > 45GHz) in
combination with an electrical spectrum analyzer (electrical bandwidth > 50GHz) and an optical power meter.
At the second input of the fiber-based beam-splitter using a power meter the back-injected power sent back
to output 4 of the photonic integrated circuit extended cavity symmetric passively mode-locked ring laser is
measured.

Results and Discussion The obtained properties in solitary operation without optical feedback are depicted
in Figure 4.28. The passively mode-locked amplitude-modulated comb laser emits 2.2 ps short optical pulses,
obtained by deconvoluting a well-matching Gaussian fit to the autocorrelation trace (autocorrelation trace
and fit depicted in Figure 4.28(d)) with a pulse round trip frequency of frt,0 = 23.32GHz (radio-frequency
spectrum depicted in Figure 4.28(a)) corresponding to the single-roundtrip time of Trt,0 = 43 ps of the optical
ring cavity. So no harmonic mode-locking is present at this operation conditions. The free-running timing
jitter amounts to 76 fs and is obtained from the radio-frequency linewidth of the fundamental beat note [92],
determined from the f2 dependency of the phase noise, as depicted in Figure 4.28(b). The optical frequency
comb (-3dB-width: 6.2 nm) is centered at the L-band wavelength of 1571nm (optical spectrum depicted in
Figure 4.28(c)). Due to the symmetric cavity design, no unidirectional emission is expected and clockwise
and counter-clockwise propagating light within the cavity are confirmed [169]. The fixed macroscopic optical
path length of the optical feedback cavity amounts to 16m (roundtrip time T1 = 2439T0), the optical feedback
power is 12µW.

Experimentally, the influence of optical feedback with fine-delay cavity length tuning with nanometer precision
onto the pulse round trip frequency and the timing jitter of the emitted pulse train of the symmetric ring
mode-locked laser is investigated. The pulses propagating in clockwise direction in the internal cavity are back
injected into the same output (port 4) and therefore their propagation direction changes and the back-injected
pulses are propagating in counter-clockwise direction. By modelling with the stochastic time-domain model
similarities to straight waveguide monolithic quantum-well mode-locked lasers are found. By moving the
mirror mounted on the high precision stage the length of the optical self-injection cavity is elongated. The
experimental repetition rate deviation from the solitary repetition rate (frt-frt,0) as a function of the additional
fine-delay is depicted in Figure 4.29(a) in blue. In Figure 4.29(b) the corresponding timing jitter, obtained
by f2-fits to the phase noise spectra of the Lorentzian shaped repetition rate lines in the radio frequency
spectra [92], as a function of the same fine-delay is depicted. The round trip frequency deviation is found to
be always below or equal 0, the round trip frequency is influenced by optical feedback and is therefore lower
than or equal to the solitary repetition rate for all fine-delays. The round trip frequency can be continuously
controlled in a range of 5.5MHz and the round trip frequency deviation as a function of fine-delay shows a
periodicity of 43 ps, corresponding to the internal laser cavity roundtrip time Trt,0=43ps. Within one of these
periods, a plateau of non-changing round trip frequency is evident, spanning 20ps. For higher fine-delay
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Figure 4.28: Solitary mode-locked laser results for a gain current of 240mA and an absorber reverse bias
voltage of 2.8V. (a) RF spectrum showing the round trip frequency at frt,0 = 23.32GHz. (b)
Phase noise of the round trip frequency beat note line illustrated with a 1/f2 fit curve of 795 kHz
resulting in a pulse-to-pulse timing jitter of 99 fs. (c) Optical spectrum with a -3 dB width of
6.2 nm. (d) Auto-correlation time trace with a de-convoluted pulse width of 2.2 ps.

values the round trip frequency decreases with increasing fine-delay at an average of −248 kHz/ps. This
tuning behaviour indicates a limited locking-range between the back-injected and the intra-cavity pulses due
to a too short pulse width or too low feedback strength and is in excellent agreement with results obtained for
straight waveguide monolithic passively mode-locked quantum-well lasers shown in the previous sections of
this thesis. The sensitivity γ evaluated in the previous section can be confirmed to be identical to that for
amplitude-modulated quantum well frequency combs. Due to this limited interaction, the maximum round
trip frequency tuning range of approximately 9MHz for the investigated optical feedback cavity length of 16m
is not reached. The timing jitter as a function of fine-delay shows the same periodicity of 43 ps. Within one
period two plateaus are observed. The first plateau (16 ps to 30 ps) coincides with the plateau in round trip
frequency deviation and there the timing jitter of the laser subject to optical feedback equals the solitary timing
jitter. This indicates again, that no interaction of the back-injected pulses and the pulses within the laser
cavity takes place. For increasing fine delays the timing jitter decreases down to the second plateau (42 ps to
52 ps) within less than 10ps of additional delay. The timing jitter obtained in this second plateau amounts
to values between 20 fs and 30 fs and the plateau spans over 10 ps of additional time delay. In contrast to
the transition from the lowest to the solitary repetition rate at the end of the period within a 2 ps time delay
increase, the timing jitter continuously increases to the solitary value by 9.4 fs/ps. While the dual-plateau
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Figure 4.29: Optical feedback onto the photonic integrated ring laser. (a) Round trip frequency deviation.
(b) Timing jitter in dependence on the optical feedback fine-delay for an optical feedback cavity
length of 16m: Experiment (blue) and simulation (green).

shaped timing jitter characteristic perfectly resembles the results obtained for a straight waveguide passively
mode-locked quantum-well laser [281], the increasing timing jitter at the end of the period differs significantly.
This could indicate, that the back-injected pulses interact with the pulses propagating in the counter-clockwise
direction within the cavity and stabilize this pulse train. By the symmetric dual absorber cavity design the
counter-clockwise propagating pulses meet the clockwise propagating pulses within the absorbers in a colliding
pulse mode-locking fashion and thereby improve the timing jitter of the clockwise propagating pulse train. At
the end of the period, where the back-injected and the intra-cavity pulses nearly do not overlap, this indirect
interaction could decrease the timing stability improvement. The best timing jitter is obtained for a fine delay
of 50 ps and amounts to 20 fs. The corresponding experimental phase noise of the round trip frequency beat
note line is depicted in Figure 4.30. The expected f2-dependency of the TPN PSD on the offset frequency is
observed and a repetition rate line width of 38 kHz can be determined and is indicated by the red line. The
plateau for offset frequencies exceeding 2MHz at -90 dBc/Hz to -92 dBc/Hz stems from the baseline of the
measurement equipment. The peak at 12.51MHz and its harmonic is a noise-induced sideband and stems
from the single-cavity optical feedback. It has been shown in experiment and by simulations, that dual-cavity
feedback can suppress these sidebands [277, 279, 283]. The corresponding simulation results for the round
trip frequency deviations and for the timing jitter as functions of fine delay are depicted in Figure 4.29(a) and
(b), respectively, in green color. The simulation parameters used, obtained from the solitary experimental
results and the cavity geometry are given by γ = 0.07, νext = 12.5MHz, and σptp = 99 fs. The simulated
round trip frequency deviation with increasing fine delay reproduces the experimental findings quantitatively
in good agreement. The plateau-structure, stemming from the limited interaction width, the periodicity
in fine delay, corresponding to the internal laser roundtrip time, and the decreasing slope are reproduced.
For the timing jitter, the periodicity in fine delay and the dual-plateau shape of the data is also reproduced
qualitatively and quantitatively. However, the simulations do not reproduce the timing jitter increase with
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Figure 4.30: Phase noise for the lowest experimentally achieved timing jitter value (blue) at a fine-delay of
50 ps, f2-fit curve indicating a line width of 38 kHz (red) and simulated phase noise (green).

increasing fine delay at the end of the period. Since this increase seems to originate from the dual interaction
between back-injected pulses and counter-clockwise propagating pulses within the symmetric ring cavity, and
the model only allows to simulate the interaction of back-injected and emitted pulse, more research in this
direction is envisioned. In Figure 4.30 in green color the simulated phase noise spectrum for a fine delay of
50 ps, where the best timing jitter is obtained in the simulations, is depicted. The slope corresponds well to
the experimental TPN PSD spectrum, showing the excellent agreement between simulation and experiment.
The sidebands are much more pronounced in the simulations than in the experiments. The smaller sidebands
in the experiments can stem from the fact that the clockwise propagating pulses are interacting with the
optical feedback counterclockwise propagating pulses only in the absorber section and not in the whole device
as in straight waveguide lasers producing higher sidebands compared to this ring structure.

Conclusion In conclusion, optical feedback stabilization on an InP photonic integrated circuit extended
cavity passively mode-locked ring laser has been demonstrated. Round trip frequency tuning up to 5.5MHz
and a timing jitter reduction from 99 fs in solitary laser operation to 20 fs with optical feedback has been
obtained. Experimental results are in excellent agreement with results from a stochastic model originally
developed to study optical feedback of edge-emitting straight waveguide semiconductor lasers, thus showing
that the ring structure subject to optical feedback exhibits the same behaviour in timing jitter reduction
and repetition rate tunability as Fabry-Perot lasers featuring the same cavity roundtrip time, indicating a
similar intra-cavity pulse interaction of the back-injected pulses with the original pulses enhancing the model
applicability [119].

4.5.3 Optical feedback: Quantum well & quantum dot amplitude-modulated comb

Aim In this section, the optical feedback cavity length is reduced to the length of a few laser cavity round
trip times. At this short cavity lengths the stochastic properties of the phase noise and the expected random
walk nature of the jitter can not be expected anymore and totally different dynamics are reported. At first a
3mm long quantum well (QW1) laser and the ultra-short cavity feedback set-up is shown and in a second
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step the universality of higher harmonic mode-locking at Farey fractions is proved with a quantum dot laser.

Solitary emission characteristics & experimental set-up The investigated amplitude-modulated optical
frequency comb quantum well semiconductor laser (QW1) is operated at 20◦C with a gain injection current of
300mA and an absorber reverse bias voltage of 1.2 V for the optical self-injection experiments. A power curve
in dependence on the gain injection current is depicted in Figure 4.31(a) at an absorber reverse bias voltage of
1.2 V. Threshold current amounts to 180mA and the output power at the investigated gain current of 300mA
is around 60mW. A free-running auto-correlation trace with a Gaussian fit (red) revealing 8.2 ps long optical
pulses is depicted in Figure 4.31(b). A full-span radio-frequency spectrum is depicted in Figure 4.31(c) with
zoom around the fundamental beat note at 13.61GHz in Figure 4.31(d). A Lorentzian fit gives an RF line
width of 110 kHz corresponding to a pulse-to-pulse timing jitter of two consecutive pulses of σptp = 83 fs [92].
The free-running optical spectrum at 1072 nm is given in Figure 4.31(e) with a -10 dB spectral width of 3.6 nm
containing 69 optical modes.

Figure 4.31: Free-running emission performance of the investigated quantum well amplitude-modulated
optical frequency comb laser. (a) Average optical output power in dependence on the gain
injection current at an reverse bias voltage of 1.2V. (b) Nonlinear intensity auto-correlation
trace revealing a de-convoluted pulse width of PW = 8.2 ps. (c) Full span radio-frequency
spectrum. (d) Zoom around the fundamental beat note at 13.61GHz with a beat note line width
of∆frt = 110 kHz. Red: Lorenztian fit. (e) Optical frequency comb spectrum centered around
1072nm (9328 cm−1). Graphs (b)-(e) are measured at 300mA gain injection current and 1.2V
absorber reverse bias voltage.

Increasing the time-delay of the passive external cavity is performed by attaching the wedged semi-transparent
glass plate on a motorized high-precision linear translation stage. The time-delay can be varied from
τ = 150 ps = 2.05T0 to τ = 284 ps = 3.866T0 covering well one period of laser dynamics. A continuous
variable neutral density filter mounted on a second motorized high-precision linear translation stage is
positioned between the laser collimation lens and the glass plate allowing for automatized control of the
feedback fraction from 0.3% to 3.3% directed to the laser. Following the glass plate, a two-stage optical isolator
(55 dB isolation) prevents unwanted back-reflection from the fiber coupling. An aspheric lens is used to couple
the light into a single-mode optical fiber. The light is then split and 90% of the power is directed to a nonlinear
intensity auto-correlator and 5% are directed to an optical spectrum analyzer (specified resolution 10 pm) and
another 5% are directed to a high speed photo-diode (bandwidth 45GHz) connected to an radio-frequency
amplifier (amplification 27dB) connected to an electrical spectrum analyzer (bandwidth 50GHz). A fiber
based polarization controller allows to maximize the analyzing power in the the intensity auto-correlator. The
experimental setup is housed inside a closed hard plastic box cladded on the inside with thermal and acoustic
isolation material. The complete experiment is positioned on an passively vibration-damped optical table for
optimum vibration cancellation.
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Figure 4.32: Developed optical self-feedback set-up for a 3mm amplitude-modulated quantum well optical
frequency comb laser (QW1) (a) Light microscoe picture of the multi-section quantum well
amplitude-modulated frequency comb laser. (b) The ultra-short optical self-feedback cavity is
composed of a semi-transparent wedged glass (reflectivity around 4%) mounted on a motorized
high precision linear translation stage for delay control. The optical self-injection strengthK

can be controlled by a variable optical neutral density filter. The laser light is analysed by a
powermeter, an intensity auto-correlator, an optical spectrum analyzer and a fast photo-diode
with an electrical spectrum analyzer.

Harmonic comb generation at Farey fractions Frequency locking at Farey fractions in an amplitude-
modulated semiconductor quantum well comb laser with time-delayed optical feedback is demonstrated,
thereby providing a path towards on-demand harmonic comb generation for sub-THz radio-frequency signal
generation. When an integer multiple of the feedback delay time τ matches an integer multiple of the internal
laser round trip time T0 = 1/frt,0 (frt,0=13.6GHz), second harmonic (2frt,0), third harmonic (3frt,0) and
fourth harmonic (4frt,0) combs are generated experimentally. The harmonic comb generation at Farey fractions
of the two competing time scales could result from the external modulation of the population inversion shaping
the temporal characteristics of the net gain window. Frequency-locking and quasi-periodicity, as well as the
required feedback strengths and delay times required for harmonic comb generation in the temporal, spectral
and radio-frequency domain is identified. Beyond this, the robustness of the presented locking scheme by
achieving a fine-tuning range of the fundamental beat note frt,0 of 450MHz and continuous pulse width
tuning from 7ps to 26ps solely by delay time control is presented. Overall, self-injected semiconductor
combs exhibit universal properties characteristic for nonlinear systems driven by two competing frequencies.
Harmonic optical frequency comb generation (harmonic mode-locking) is one method of achieving high fre-
quency microwave signals and has been demonstrated in various semiconductor comb lasers by cavity design
and absorber section location. In mid-infrared comb lasers, the control of harmonic comb states has been
demonstrated by Kazakov et al. by varying the injection current [220]. In the near-infrared wavelength range,
harmonic comb states have been demonstrated in quantum well [172, 285] and in quantum dot [286, 287]
based semiconductor comb lasers by multi-section self-colliding pulse mode-locking achieved by incorporating
saturable absorber sections at specific positions inside the laser cavity.

Status quo Harmonic comb generation in semiconductor lasers with feedback cavities has found a lot of
interest in theoretical studies [112, 288–291], and the generation of semiconductor combs has picked up
strong interest in the research communities. Harmonic comb generation via optical feedback is an example of
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frequency locking, an extensively studied phenomenon in the non-linear dynamics community. Frequency or
mode-locking of two oscillators has been observed by C. Huygens as early as 1665 describing two pendulum
clocks ’falling into synchrony’ when hung on the same wall [292]. Displaying the frequency of the oscillator
as a function of an externally applied frequency, the resulting curve may consist of a series of steps, the ’Devil’s
staircase’ [293]. This characteristic staircase structure exhibits plateaus which indicate locking at various
rational frequency ratios, or Farey fractions. These ratios are found in a wide variety of condensed-matter
physics including current-driven Josephson junctions, in chemical reactions or in biological systems such as
coupled neurons [294, 295].

Demonstrating Farey fractions in nonlinear systems, such as single-wavelength semiconductor lasers, attracted
considerable interest in the 1990s. Frequency-locking and quasi-periodicity phenomena were demonstrated for
a modulated self-pulsing semiconductor laser [296]. Later, frequency-locked states appearing in the sequence
predicted by the Farey tree, with quasi-periodic states between locked states, were demonstrated using an
electrical modulation of the injection current and self-injection from an external cavity [297–299]. Harmonic
frequency locking with locking at Farey fractions up to order 17 were reported in a semiconductor laser by
delay-time controlled opto-electronic self-injection [300]. In contrast to single-wavelength semiconductor
lasers, locking at Farey fractions and hence harmonic comb generation, via time-delayed optical feedback, has
not yet been demonstrated experimentally in semiconductor comb lasers.

The effect of optical feedback on the output of semiconductor combs has been extensively studied theoret-
ically [290, 291, 301, 302]. It was found that resonant feedback can stabilize the pulse stream. Feedback
is resonant when the re-injected pulses coincide with the pulse in the laser cavity at the out-coupling facet.
Deviating from exact resonances conditions leads to frequency pulling, the range of which increases with the
delay-time [291]. The regime of short delay-times, i.e. delay-times that are of the same order of magnitude as
the laser cavity round trip time, was theoretically studied in [291]. It is predicted that locking to higher order
resonances, i.e. harmonic comb generation, may be possible between the fundamental resonances when the
frequency pulling ranges of the fundamental pulse trains are sufficiently small and the re-injection strength is
sufficiently large. The lack of experimental demonstration of this effect can be explained by the fact that so
far experimental studies have focused on the regimes of intermediate to long feedback delay-times with the
aim of pulse train stabilization as can be found in the Appendix in table 4.6 and table 4.7.

In this section, the operation in the short delay regime and experimentally demonstration of harmonic comb
generation at Farey fractions in a two-section monolithic amplitude-modulated semiconductor quantum well
comb seeded by optical feedback is shown. On demand harmonic comb generation up to fourth harmonic is
demonstrated, as well as a round trip frequency tuning range of 450MHz around the fundamental round-trip
frequency.

Experimental Farey idea & Results As schematically shown in Figure 4.33(a), the amplitude-modulated
semiconductor comb is generated by a monolithic two section semiconductor quantum well laser where one
long section provides optical gain and one short section provides saturable absorption by reverse biasing to
attain amplitude-modulated comb generation by passive mode-locking.
A sketch of the experimental setup is schematically depicted in Fig. 4.33(a) true to scale. There, the number
of pulses within the internal laser cavity and the external laser cavity are sketched for the fundamental (first
row) and expected harmonic comb states (rows 2-4). Harmonic comb generation, and thus multiplication of
frt,0, is expected to occur when an integer multiple of the external optical feedback delay time τ matches an
integer multiple of the free-running internal laser round trip time T0, pτ = qT0 with p, q ∈ N. Under these
conditions the pulses are re-injected resonant with the harmonic comb states, thereby effectively reducing
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Figure 4.33: Experimental demonstration of harmonic comb operation at Farey fractions. (a) Schematic
set-up and feedback delay lengths in a time domain picture to generate harmonic mode-locking
orders (HMLX). (b)Part of the Farey tree containing the observed Farey fractions of an amplitude-
modulated comb. (c) Full-span radio-frequency spectra acquired by direct detection up to 50GHz.
(d) Comb spectra, centered around 1072nm (9328 cm−1), measured by an optical spectrum
analyzer. (e) Nonlinear-intensity auto-correlation time traces and Gaussian fits. Please refer
to methods section for laser details and comb laser emission characteristics without optical
feedback.

the losses for these states, which can lead to a positive net gain and stable harmonic comb generation. The
experimental set-up allows for 2 ≤ q/p ≤ 4 and p ≤ 4 with feedback delay lengths corresponding to a couple
of laser lengths. The fractions q/p, corresponding to the T0-τ ratios in Fig. 4.33(a), can be ordered in a
Farey tree [289] by applying the Farey-sum operation. Figure 4.33(b) displays a part of the Farey tree. The
denominator of the fractions p gives the order of harmonic comb operation and the Farey tree is represented
such that the harmonic order increases with each horizontal level.

The radio-frequency spectra, generated by the comb, are depicted in Figure 4.33(c) for each harmonic
comb state. The fundamental frequency for this device is frt,0 = 13.61GHz. For a Farey fraction of 5/2,
frt = 27.21GHz corresponding to second order harmonic comb generation (HML2) and for a Farey fraction
of 8/3, frt = 40.82GHz indicates third order harmonic comb generation (HML3). For the Farey fraction
11/4, fourth order harmonic comb generation (HML4) cannot be directly measured in the radio-frequency
domain spectrum due to a limited detection bandwidth of 45GHz. Yet, the following spectral measurements
in Figure 4.33(d), confirm frt = 54.42GHz for this Farey fraction. For HML2 to HML4, individual comb lines
can be resolved. The comb spacing or free-spectral range for each harmonic comb order follows ∆λ = m ·∆λ0

with ∆λ0 = 52.25 pm = 0.45 cm−1 and m the harmonic comb order. HML4 can be confirmed by a comb
spacing of ∆λ = 209pm. The amplitude-modulated nature of the comb is demonstrated in Figure 4.33(e)
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revealing the time-domain nonlinear intensity auto-correlation results. The temporal pulse separation of
HML2, HML3 and HML4 follows T0/m. Finally, HML4 can be verified unequivocally by the auto-correlation
time traces with Trt = 18.4 ps.

Feedback Delay Time Tuning In order to gain a more in depth understanding of the mechanisms leading to
harmonic comb generation, in the following the feedback delay time is continuously swept across and intensity
auto-correlation time traces and the radio-frequency spectra are recorded, thus having a look at non resonant
feedback seeding. Depicted in Fig. 4.34 are experimental results for the intensity auto-correlation, pulse
width, RF spectra and radio-frequency beat note tuning. Colour-coded measured intensity auto-correlation

Figure 4.34: Experimental and simulation results for feedback delay time tuning for a fixed feedback
strength K = 3.3%. (a) Experimental (top) and simulated (bottom) intensity auto-correlation
traces in dependence on the feedback delay time τ . (b) Extracted pulse widths. Experiment top
and simulation bottom. (c) Experimental (top) and simulated (bottom) radio-frequency spectra
in dependence on the feedback delay time τ . (d) Extracted round trip frequency difference
∆ν = frt − frt,0. Experiment top and simulation bottom.

traces for increasing optical feedback delay lengths Lext from 2.05T0 to 3.866T0 are displayed in Fig. 4.34(a).
The feedback strength amounts to K = 3.3% in the experiment. The feedback strength K is the fraction
of average total output power divided by the back-reflected average laser power. The results show regions
of fundamental and harmonic comb generation at the expected Farey fractions intersected with aperiodic
dynamics. In the simulations these aperiodic dynamics can be identified as quasi-periodic dynamics similar to
those described between locking regions in [291]. In Fig. 4.34(a) it can be seen that at an optical feedback
delay length corresponding to 3T0, there is one intensity peak, the width of which is at a minimum at these
fundamental resonances and increases symmetrically for increasing and decreasing feedback delay times.
Second order harmonic comb operation is clearly visible at 2.5T0 and 3.5T0. However, third harmonic comb
operation was only found experimentally at three out of the four expected resonances, 2.33T0, 2.67T0 and
3.67T0, and fourth harmonic comb operation, which is expected at 2.25T0, 2.75T0, 3.25T0 and 3.75T0, could
only be observed at 2.75T0 in the experiment. There are two effects leading to the higher harmonic combs
becoming increasingly difficult to find. Firstly, the highest harmonic order that can be achieved is restricted
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by the ratio of the internal laser round trip time to the pulse width, i.e. the narrower the pulses compared
with the round trip time, the more can fit in the laser cavity [302]. Secondly, the locking ranges over which
HML states exist decrease with the harmonic order, due to the reinjected pulses being less energetic. Fifth
harmonic comb operation is not observed due to a bistability of the fundamental comb operation with a tuned
round trip-frequency and the fifth harmonic comb operation. The laser prefers the fundamental solution over
the fifth harmonic comb operation.

In the experiment in Figure 4.34(b) the optical pulse width by Gaussian fits to the nonlinear-intensity auto-
correlation time traces is extracted. Pulse widths at fundamental comb operation can be tuned continuously
from 7ps to 26 ps with a minimum around the resonance condition. The widening of the pulses away from
the exact integer resonances is due to the reduction in the losses caused by the reinjected pulses not being res-
onance with the recovery of the gain and absorber dynamics and therefore leading to a wider net gain window.
The same tuning behaviour is visible around 2.5T0 and 3.5T0 although more pronounced in Figure 4.34(a). In
addition to the auto-correlation measurements, radio-frequency spectra were also recorded and are depicted
in Fig. 4.34(c). The extracted frequency pulling ranges of frt are depicted in Fig. 4.34(d). Fine tuning of
frt around the fundamental round-trip frequency of 450MHz is evident in the experiment. The line width
∆frt is minimum around the resonant delay condition at 3T0 and is 2 kHz. This constitutes an improvement
by a factor of 55, in comparison to 110 kHz (free-running). At HML2 at around 26GHz, a beat note tuning
range of 150MHz is attained in the experiment. The plateau evolving in the experimental results for delay
lengths τ close to the resonant condition, and hence the difference in the experimental and simulated locking
ranges, is due to the asymmetric interaction of the feedback pulse and the internal laser pulse. This effect was
previously explained for long cavities with the same quantum well amplitude-modulated comb laser in [281]
and in the previous sections.

Feedback Strength Tuning In a final step, the approach to generate and explain harmonic comb gener-
ation by time-delayed feedback will finally allow to validate the required seed strength and thus allows to
substantiate the robustness in specifically achieving a certain mode-locked state or quasi-periodic state. In the
following, the feedback seed strength K will be swept by placing a continuous optical density glass between
the laser facet and the feedback mirror. Then, it is translated continuously and perpendicular to the beam
direction while recording the respective emission state and the optical pulse widths experimentally. The
harmonic comb states, identified by experiments are displayed in Figure 4.35(a) in dependence of the selected
feedback strength K varying from 0.3% to 3.3% in steps of 0.05%. Corresponding to the conditions presented
in Figure 4.34, the delay is varied from τ = 2.05T0 to τ = 3.866T0. It is evident that the threshold for second
harmonic comb generation is at K = 0.5%, for third harmonic comb generation at K = 1.4% and for fourth
harmonic comb generation at K = 2.4% revealing that an increasing optical feedback strength K is required
for increasing harmonic comb order. For low K < 0.5%, harmonic comb operation cannot be achieved due to
the too low feedback strength and thus to less gain to induce and stabilize harmonic comb operation. Finally
Figure 4.35(b) depicts the extracted experimental pulse widths in dependence on K and the feedback delay
time. The pulse width is nearly independent on the feedback strength K, yet is impacted by the fine-delay. As
already a small K leads to a strong interaction of the feedback pulse and the net gain window. Experimental
pulse width tuning can even be achieved for the lowest feedback strength of 0.3%.

Conclusion In conclusion for this section, harmonic comb states have been demonstrated at Farey fractions by
optical feedback of an amplitude-modulated semiconductor quantum well comb. Two competing frequencies,
first, the comb beat note frequency, the inverse of the laser internal round-trip time T0, with which is a result of
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Figure 4.35: Experimental and simulated feedback strength and feedback delay time dependence of the
harmonic optical frequency comb generation. (a) Experimental harmonic comb orders in
dependence on the feedback delay τ and the feedback strength K. (b) Experimental pulse
width in dependence on the feedback delay τ and the feedback strengthK. (c) Corresponding
simulation results of the harmonic comb orders in dependence on the feedback delay τ and the
feedback strengthK. (d) Corresponding simulation results of the pulse width in dependence on
the feedback delay τ and the feedback strengthK.

the inter-mode beat synchronization phenomena [5] and the external cavity round-trip time τ , yielded access
to Farey tree fractions that directly suggested the specific feedback delay lengths to attain harmonic comb
generation. The continuous pulse width tuning, robustness of feedback seed strength was highlighted. Overall,
the results highlighted that self-injected semiconductor combs exhibit the universal properties characteristic
for nonlinear systems driven by two competing frequencies, thereby providing a path towards on-demand
harmonic comb generation for sub-THz radio-frequency signal generation.

Farey proof with a quantum dot amplitude-modulated comb laser In a last step the universality of the
harmonic comb generation by ultra-short optical feedback will be proven. Therefore a quantum dot laser will
be used. The quantum dot laser is a 3mm long device where the active region consists of 5 layers of InAs
quantum dots separated by GaAs barriers and incorporated into an AlGaAs waveguide. The absorber section
is 0.3mm long which amounts to 10% of the total cavity length. The facets of the as-cleaved laser are not
coated, thus the front and rear facet reflectivities are around 32%. This laser is ideal for comparison to the
quantum well laser investigated in the main text of this work because they have the same total cavity length,
absorber-to-gain ratio and facet reflectivities. AC results are depicted in Figure 4.36 showing the expected
ordering of the harmonic mode-locking orders by a Farey tree. This proves the universality of harmonic comb
generation not depending on the gain material.

In the next section of this thesis, electrical injection locking of a quantum dash frequency-modulated comb
will be investigated.
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Figure 4.36: Experimental auto-correlation results for feedback delay time tuning (low resolution) with a
fixed feedback strength of K = 4% for a quantum dot laser. The low resolution sweep of the
feedback delay time proves the universality of the concept for generation of higher harmonics
with optical feedback. Here, a 3mm long quantum dot laser with 10% absorber length and both
facets as-cleaved, is used. FML, HML2 and HML3 is observed.

4.5.4 Electrical injection locking: Quantum dash frequency-modulated comb

Aim After exploring optical feedback on the different semiconductor comb lasers, electrical injection locking
will be described in this section. Therefore, beat frequency tuning, stabilization and complete phase coherence
of a 2mm long quantum dash frequency-modulated comb centered at 6350 cm−1 (1575 nm, telecom L-band)
by all-electrical injection locking is demonstrated experimentally and supported by a coupled oscillator model
extended with a stochastic noise term. Phase noise spectra and a noise reduction by a factor of 100 are
reproduced by a time-domain model. Both models allow to unify injection locking range and injection
sensitivity. It is important to note that the injection sensitivity γinj mainly depends on the electrical contacting
and the impedance matching of the current injection of the device and is in contrast to the optical feedback
sensitivity γ in the stochastic model not only a material parameter which will be discussed in chapter 4.6 of
this thesis. Simulation support within the cooperation with Marcus Ossiander (Harvard University, USA) is
greatfully acknowledged.

Electrical injection locking set-up & SWIFTS results The experimental setup developed for all-electrical
injection locking and shifted wave interference Fourier transform spectroscopy [195] is depicted schematically
in Fig. 4.37. The laser injection current is super-imposed with the microwave source used for electrical injection
locking by a broad-band bias-tee. The combined output is injected into the laser by a signal probe placed on
top of the laser ridge. A high-precision current controller provides the constant current. The laser cooling
block is temperature stabilized at 20 ◦C. The laser beam is collimated by an aspheric lens. An optical isolator
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Figure 4.37: Schematic electrical injection locking and SWIFTS set-up.

(isolation ratio >60dB) avoids unwanted optical back-reflections. A beam splitter directs a part of the laser
beam towards a high-frequency photo-detector (electrical bandwidth 45GHz) connected to an electrical
spectrum analyzer (electrical bandwidth 26.5GHz) for phase noise measurement. A Fourier transform infrared
spectrometer (spectral resolution of 0.075 cm−1) works as the frequency discriminator in order to isolate
individual inter-mode beatings and measure their phases. A lock-in amplifier records the interferograms of
both quadratures X and Y . The SWIFTS spectrum is then obtained from the Fourier transform of X + iY .
Finally, the difference phases are retrieved from the phase of the complex SWIFTS spectrum.

The top graph of Fig. 4.38(a) depicts the intensity spectrum measured at an injection current of 190mA and
at an injection power of 8 dBm. The comb extends from 6330 cm−1 (1580nm) up to 6385−1 (1565nm)
with a mode spacing of 20.1625GHz. The SWIFTS spectrum being nearly identical confirms that all modes
contribute to the formation of a frequency comb. Blue dots represent the geometric average of adjacent comb
lines and thus the expected spectral amplitudes of the SWIFTS spectral lines for full intermodal coherence
(see equation (4.31) of the main text). The bottom graph depicts the inter-modal difference phases. These
are splayed across the full range of 2π which is the signature of a phase-locked frequency-modulated comb
with quasi-continuous wave output power. Fig. 4.37(b) depicts the measured intensity, X and Y quadrature
interferograms. Frequency-modulated comb operation is confirmed by both quadratures exhibiting a local
minimum at zero path-difference. In a next step, the status quo in electrical injection locking in quantum
dash combs will be shortly reviewed.

StatusQuo Mid- and near-infrared frequency-modulated combs are compact phase-coherentmulti-wavelength
sources that are revolutionizing spectroscopy [14, 20, 90, 303], radio-transmitters [304, 305], and ultrahigh-
speed data communications [24]. Quantum dash based frequency-modulated combs cover the telecommunica-
tion C- and L-band and generate broad combs based on their quasi zero-dimensional carrier confinement and
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Figure 4.38: Experiment: SWIFTS results for a gain injection current of 190mA and Pinj = 8dBm. (a) Recon-
structed intensity spectrum (blue) and SWIFTS spectrum (red). Equal shape and heights proves
that all modes are locked. Phases (green) span a linear chirp spanning across 2π. (b) Intensity
and SWIFTS quadrature interferograms with a zoomed view around zero path difference.

inhomogeneous broadening. Low optical confinement, reducing the spontaneous emission rate coupled to the
lasing mode, yields narrow laser beat note line widths (two-digit kilohertz), two orders of magnitude narrower
than in quantum well or bulk lasers [149, 247, 306]. Such low phase noise comb sources render ideal for direct
synthesis of radio-frequencies from the optical domain for microwave photonics [307]. The semiconductor
comb spacing or beat note frequency f0

rt is fixed by the cavity round-trip time, yet, it can be locked to an
external reference. Injecting a radio-frequency (RF) signal close to f0

rt and controlling this frequency, allows
for tuning f0

rt and reducing the comb’s phase-noise. Beat note electrical injection locking and tuning has
been reported for an interband cascade laser comb [14] and quantum cascade laser combs [308–310]. In
quantum dash lasers in the telecom C-band, first indications on beat note narrowing has been reported by [88].

Beat note tuning & stabilization In this section, beat note tuning, stabilization and full phase coherence of a
quantum dash frequency-modulated comb by electrical injection locking is demonstrated. Electrical injection
locking signatures by applying a coupled oscillator model are explained. Phase noise reduction is reported
experimentally and qualitatively reproduced with a stochastic model for electrical injection locking [119].
Finally, joining bothmodels allows to link the electrical injection locking range to the comb’s injection sensitivity.

Fig. 4.39(a) is a light-microscope image of the laser. At an injection current of 190mA and a temperature of
20◦C, the comb extends from 6330 cm−1 (1580nm) up to 6385 cm−1 (1565nm), spectrum in Fig. 4.39(d)
(-3 dB spectral width of 8 nm). Fig. 4.39(b) depicts that the single-facet continuous-wave optical output
power is 7mW at 190mA. Quantum dash comb formation is attributed to non-linearity of the gain by
four-wave-mixing. A carrier density modulation, resulting from the beating between adjacent longitudinal
modes, generates four-wave mixing that promotes mutual injection locking leading to mode-locking [9, 17,

83



Figure 4.39: (a) Light microscope picture of the quantum dash comb laser. (b) Single-facet L-I characteristics.
(c) Laser beat note f0

rt and width ∆f0
rt (free-running). (d) Electrical injection locked comb

spectrum. (e) Electrical injection locked inter-modal phases splayed across 2π (linear chirp)
indicate anti-phase synchronization of the inter-mode beatings of the frequency-modulated
comb. (f) Electrical injection locked phase coherence across the comb. Laser gain injection
current 190mA (1.35V), temperature 20◦C, Pinj = 8dBm.

304, 305, 311]. A resulting, narrow free-running -3 dB beat note line width ∆f0
rt of 80 kHz (Fig. 4.39(c))

corresponding to a pulse-to-pulse timing jitter of σptp = 40 fs [92], is a result of quasi zero-dimensional
confinement [311, 312]. The phase relations of adjacent modes, measured by shifted-wave interference
Fourier transform spectroscopy [195] (see section 4.1), span across 2π with a linear chirp (Fig. 4.39(e)). This
confirms anti-phase synchronization of the inter-mode beatings and therefore frequency-modulated comb
operation of the quantum dash comb [5]. To prove that all adjacent modes are phase locked, Fig. 4.39(f)
depicts the normalized intermodal coherence C [90, 195] (for details see chapter 4.1), following

C =
|⟨AnAn−1ei(φn−φn−1)⟩|

⟨|An||An−1|⟩
(4.31)

with An being the electric field amplitudes of the comb modes with corresponding phases φn and angled
brackets denote temporal averaging. If C = 1, a mode pair is fully coherent and the SWIFTS amplitude is
equal to the geometric average of the amplitude of the two modes |An||An−1| of the intensity spectrum. If the
SWIFTS amplitudes decrease due to temporal averaging, C drops below 1 with C = 0 representing complete
incoherence. Results show that all modes in electrical injection locking are fully coherent and thus, phase
locked.

Electrical injection locking is achieved by superimposing the output of a microwave source onto the laser
injection current which is fixed at 190mA. A part of the laser light is fiber-coupled to a fast photodetector
connected to an electrical spectrum analyzer. To identify the microwave power Pinj required for successful
electrical injection locking, the injection frequency finj is first fixed to f0

rt + 500 kHz and record the laser beat
note when increasing Pinj from -10 dBm to 8 dBm in increments of 0.25 dBm. For Pinj ranging from -10 dBm
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to 0 dBm, f0
rt and its width ∆f0

rt of 80 kHz remain unaffected, as depicted in Fig. 4.40(a,1). When increasing
Pinj from 0dBm to 2.5 dBm, a pulling effect of f0

rt towards finj is evident, Fig. 4.40(a,2). For Pinj > 2.5 dBm,
the laser remains injection locked and the beat note line width ∆frt drastically reduces to below 1Hz, the
measurement instrumentation limit (Fig. 4.40(a,3)).

Figure 4.40: Experiment: RF spectrum around f0
rt=20.1625GHz as (a) Pinj is varied, finj = f0

rt + 500 kHz; (b)
finj is varied around f0

rt, Pinj = 8dBm. Laser current: 190mA, temperature: 20 ◦C.

To now explore the tuning range of frt, finj is swept across f0
rt and keep Pinj constant at 8 dBm. Figure 4.40 (b)

depicts the experimental results. Outside the locking region, the side-band beating signatures evolve sym-
metrically. For example at finj = f0

rt − 8MHz, Fig. 4.41(b,1) or finj = f0
rt − 3MHz, Fig. 4.41(b,2), a

side-band beating signature and its higher harmonics become evident, yet, the laser remains unlocked. For
f0
rt + 0.9MHz > finj > f0

rt − 0.9MHz, ∆f0
rt narrows drastically below 1Hz, indicating the electrical injection

locking range in Fig. 4.41(b,3).

Modeling results and discussion To understand the locking, tuning, and phase noise reduction characteris-
tics, in the following, the formalism of injection locked coupled oscillators is applied [313]. It has been used
to study electrical injection locking of a quantum cascade laser comb [309] and describes a comb’s phase
evolution by

dφ

dt
= ωb − ωinj − ωmsinφ (4.32)

with ωb the round-trip frequency, ωinj the injected frequency and ωm half the locking range. In the simulations,
a locking range of ωm/π = 1.8MHz is considered from Fig. 4.40(b). To include the timing noise, generated by
spontaneous emission, into the model, the formalism is extended by a random walk noise term added to ωb.
Electrical injection locking is described by an oscillator oscillating at a frequency ωinj and is injected into a
second free-running oscillator with round-trip frequency ωb. Numerical solutions of equation 4.32 are depicted
in Fig. 4.41. The injected electrical signal generates side modes of the cavity modes at the modulation frequency.
These electrically generated side modes act as a master oscillator for the neighboring cavity modes. Outside
the locking range, the free-running oscillating frequency of the cavity modes is pulled towards the injected
frequency, if the injected frequency is close enough to the free-running frequency, Fig. 4.41(a,1). Lateral
side-bands occur in a distance of |ωb − ωinj |. While ωinj approaches the locking range ωm/π, the intensity at
ωb decreases, Fig.4.41(a,2). These locking characteristics are well described by Adler’s model [314].
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Based on the overall qualitative and quantitative agreement between simulations in Fig. 4.41(a),(b) and
experimental results in Fig. 4.40(a),(b), the random walk nature of the phase noise of the frequency-modulated
comb in the case of electrical injection locking will be proved. Therefore, the improvement in phase noise is
quantified by electrical injection locking at Pinj = 8dBm experimentally and numerically. In a time-domain
picture, the FM comb’s timing deviations are represented by

T (n+ 1) = T (n) + σptpΓ(n)− γinjT (n), (4.33)

a formalism originally developed for semiconductor amplitude-modulated combs called passive mode-locking
in these publications [119, 315]. In equation 4.33, T (n) denotes the timing deviation of the n-th laser
pulse. The timing jitter σptp is evaluated from ∆f0

rt and the factor Γ(n) is a normally distributed normalized
noise term. The term γinj represents the timing interaction strength equalling the frequency-modulated
comb’s sensitivity to electrical injection, which is proportional to

√

Pinj , set in the experiment. The term
T (n) + σptpΓ(n) describes the timing of a free-running semiconductor mode-locked laser by a random walk
process with white noise as noise source. For electrical injection locking, γinjT (n) represents an additional
timing-restoring term. Broad optical pulses resulting in a nearly continuous-wave laser emission are considered
as suggested by SWIFTS measurements and confirmed by simulations [5, 17]. Resulting experimental and
simulated phase noise spectra are depicted in Fig. 4.43. Fig. 4.43 (a) indicate a gradual reduction in phase
noise when Pinj is increased. At Pinj = 8dBm, a maximum phase noise improvement by 20 dBc/Hz is attained
at an offset frequency of 100 kHz. In the time-domain simulations, γinj is adapted to reproduce the trends of
the experimental results and the attained values of the order of 10−5 are in good agreement with results for
amplitude-modulated combs [119]. Overall, simulation results are in qualitative and quantitative agreement
with the experimental findings. In both, ∆f0

rt is 80 kHz and the free-running phase noise scales f−2
off with

the offset frequency. Results confirm the random walk origin of timing deviations of the quantum dash
frequency-modulated comb, as had been identified in amplitude-modulated combs [92, 119, 281].
Likewise, the timing interaction strength γinj , representing the comb’s injection sensitivity, yields a square-root
dependence on Pinj [119]. By approximating ωb = ωinj = ωrt in the oscillator model, eq. 4.32, and Trt ≫ T (n)
in the stochastic model, eq. 4.33, the relation γinj = ωmTrt = 2πωm/ωrt results. The calculations are done in
the following.

Figure 4.41: Simulation: RF spectrum around f0
rt=20.1625GHz for the same conditions as in Fig. 4.40 (a,b).

Results base on oscillator theory [309, 314] extended by a noise term.
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Figure 4.42: (a) Experiment. (b) Simulation. Phase noise reduction by electrical injection locking. Factor γinj
is the FM comb electrical injection sensitivity. Free-running phase noise scales f−2

off with offset
frequency. Low frequency phase noise is improved by up to a factor of 100 with increasing
injection power.

Figure 4.43: Experiment, Simulation by oscillator model (eq. 4.32), Simulation by stochastic model (eq. 4.33):
Square-root dependence of ωm on Pinj suggests that the FM comb injection sensitivity γinj is
proportional to ωm (second ordinate).

Unifying Comb Electrical Injection Sensitivity and Tuning Range Finally, it allows to link the frequency-
modulated comb’s electrical injection sensitivity γinj to the electrical injection locking range. First, the locking
range measured in dependence on Pinj and up to 8 dBm is plotted in Fig. 4.43. The fit to this data suggests a
square-root dependence. As it can be found from Adler’s equation, ωm is dependent on the square root of the
injected signal Pinj following ωm = a

√

Pinj . Constant a includes the cavity quality factor, the optical laser
frequency and a factor, taking into account the laser’s susceptibility to electrical injection [309].
On the locking point, ωb = ωinj , the instantaneous deviation of the comb round trip frequency ∆ωinst

b =

ωinst
b − ωb described by (4.32) reduces to ∆ωinst

b = dφ
dt

= −ωmsinφ with stable points at φ = 2πn, n ∈ Z. The
comb’s response to small deviations around φ = 0 can then be linearized: ∆ωinst

B = dφ
dt

≈ −ωmφ. To compare
with the stochastic model, time is discretized in steps of the comb period Tb =

2π
ωb

and noise σω:

∆ωinst
b (n+ 1) = ∆ωinst

b (n) + σωΓ(n)− ωmTb∆ωinst
b (n) (4.34)
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Starting from (4.33), the comb’s instantaneous repetition rate is calculated from the stochastic model:

ωinst
b (n+ 1) =

2π

Tb + T (n+ 1)
=

2π

Tb + T (n) + σptpΓ(n)− γinjT (n)

For Tb ≫ T (n), linearizing yields

ωinst
b (n+ 1) ≈ 2π

Tb
− 2πT (n)

T 2
b

− 2πσptpΓ(n)

T 2
b

+
2πγinjT (n)

T 2
b

(4.35)

Comparing the last terms in (4.34) and (4.35) and ∆ωinst
b (n) = −2πT (n)

T 2
b

then yields

γinj = ωmTb =
2πωm
ωb

(4.36)

Finally, it allows to directly relate the frequency-modulated comb’s sensitivity to electrical injection to the
injection locking range, as indicated in Fig. 4.43 by the second ordinate.

Conclusion All-electrical injection locking beat note tuning, stabilization and 20 dBc/Hz phase noise reduc-
tion of an frequency-modulated comb generated by a semiconductor quantum dash laser is demonstrated. A
1.8MHz wide tuning range and a laser beat note line width below 1Hz is attained. All frequency-modulated
comb modes are phase locked. The electrical injection locking characteristics are reproduced by an oscillator
model. The locking range is proportional to the comb’s timing interaction strength or electrical injection
sensitivity. The timing deviations of the frequency-modulated comb are of stochastic origin and follow a
random walk, as previously demonstrated in semiconductor amplitude-modulated combs. These results might
help developing low-phase noise, tunable beat note frequency-modulated combs in the telecommunication
L-band for direct synthesis of radio-frequencies from the optical domain towards the generation of very high
frequencies with low phase noise for future microwave photonic applications.

4.5.5 Mutual synchronization: Quantum dot amplitude-modulated combs

Aim In this section the synchronization of two optical frequency combs will be investigated as another
technique to decrease the timing jitter with the additional bonus of two synchronized devices paving the way
to synchronization in large communication networks. Synchronization of two independent 20GHz monolithic
passively mode-locked InAs/InGaAs semiconductor quantum dot lasers (QDA and QDB) via mutual injection
locking is investigated. The lasers are mutually coupled in a free-space setup, they self-organize and adjust
their oscillations to a common round trip frequency that depends on biasing conditions and mutual distance.
Synchronization with round trip frequency deviations lower than 50 kHz is reported across an injection current
tuning range of 150mA.

Introduction Systems of coupled oscillators are very common in nature, from simple primitive structures to
complex biological processes like brain operation [316]. One fundamental characteristic these systems share, is
the self-organization which may evolve from absolute disorder to various states of collective synchronization of
the individual coupled units through the mutual adjustment of their oscillations. This kind of synchronization
is for many years the subject of comprehensive investigations and applications in various fields of modern
science and technology [317].

In laser science, semiconductor lasers have been considered as non-linear elements in time-delay coupled net-
works, exploiting their unique dynamic features such as excitability, phase synchronization and chaos, applied
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to build encrypted communication systems, fast random bit generators and bio-inspired photonic proces-
sors [318]. In these applications, synchronized dynamics may appear in various configurations implementing
locking to an external driving force or mutual locking of the lasers. Passively mode-locked semiconductor
lasers is an interesting sub-family of semiconductor lasers that generate phase-coherent broadband optical
frequency combs and sub-picosecond optical pulses without any pulse compression. Due to their versatility
and compactness they find various applications in optical communication systems and all-optical signal pro-
cessing [319] and appear as a promising solution in fiber-network-based precise time/frequency distribution
applications [320–322] where the synchronized operation of locally or remotely placed optical frequency
combs is necessary. For the synchronization of passively mode-locked semiconductor lasers, unidirectional
optical injection locking from a master oscillator to one or multiple slave lasers is one of the most versatile
techniques that have been investigated. Typical optical injection schemes reported in literature include self-
injection by single or dual passive external cavities [119, 268, 271–273, 277, 278, 283] and optical injection
locking with either continuous wave master lasers [323–326] or by optical pulse train injection towards
synchronous mode-locking [324, 327–332]. On the other hand, synchronization between passively mode
locked semiconductor lasers by means of mutual (bidirectional) optical coupling was only recently analyzed
theoretically [333] and yet, no experimental work has been reported. Such optical pulse train synchronization
involves entrainment of two frequencies, the pulse round trip frequency and the pulse phase shift per round
trip. These two frequencies determine the spacing and offset of the pulse train frequency comb and therefore
pulse train synchronization is equivalent to mutual injection locking between the two combs [321, 332].
Moreover, the bidirectional coupling of two pulsed lasers is expected to exhibit some fundamental differences
with respect to the unidirectional locking. In contrast to the unidirectional coupling where the master laser
characteristics are inherited to the slave laser, in the bidirectional scheme the lasers mutually adjust their os-
cillations until they achieve a common state of operation and the exact regime depends on the initial conditions.

In this section, mutually coupling of two edge-emitting monolithic two-section passively mode-locked semicon-
ductor quantum dot lasers is demonstrated, with equal active region and waveguide geometry, bidirectionally
in a free-space all-optical experiment. At appropriate laser biasing conditions, timing synchronization is
demonstrated and quantified by the round trip frequency matching for several values of the optical delay
between the two lasers. With varying bias conditions in one of the two lasers, stable mutually locked and
synchronized operation for different free-running round trip frequency values of the two lasers is reported.

Experimental Set-up The lasers are mutually coupled by means of a passive free-space optical cavity
configuration with an optical path length of 1.65m between the laser facets, as schematically depicted in
Fig. 4.44.
Emission beams of both lasers are individually collimated and spatially overlapped. A variable delay line
allows to fine tune the optical path between the lasers by 70 ps which exceeds the interpulse timing difference
of around 50ps. Two beam shutters positioned under an angle within the beam path allow to selectively
block light from one of the lasers and permit solitary laser characterization. The laser outputs are collected
independently at the output ports of a 50/50 beamsplitter. Optical and radio-frequency spectra measure-
ments are performed respectively by means of an optical spectrum analyzer (spectral resolution 0.01 nm)
and a fast photo diode (electrical bandwidth 45GHz) coupled to an electrical spectrum analyzer (electrical
bandwidth 50GHz). Two optical isolators (>60 dB isolation) avoid residual optical back-reflections from
the measurement path. Since no attenuation of the laser output beams is applied, the 50/50 beamsplitter
determines the injection power arriving at the input facet of each laser, being approximately 50% of the total
output power of the opposite laser. A constant reverse bias of 4 V is applied to the absorber sections of both
lasers, while gain sections are pumped with injection currents up to 250mA. Lasers are operated in constant
temperatures of 24 ◦C for Laser A and 15 ◦C for Laser B in order to attain an optimum spectral overlap which
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Figure 4.44: Experimental timing synchronization setup consisting of twomutually optically injected passively
mode-locked qd lasers.

is beneficial for injection locking [334]. For these biasing conditions, the generated optical pulse widths are
approximately 8 ps for both lasers. Due to the different cooling block temperatures influencing the laser gain
the lasers have different thresholds and free running round trip frequencies. A transition of those individual
round trip frequency to an identical round trip frequency can serve as an indicator for synchronisation.

Experimental results and discussion In a first step the impact of the mutual distance between the lasers
is investigated and depicted in Figure 4.45(a) and feedback at the opposite facet is conducted. The solitary
round trip frequency at 200mA and 4V are 20.074GHz (QDL A) and 20.087GHz (QDL B), thus a round trip
frequency difference of 13MHz is apparent. The fine delay was increased up to 66 ps in steps of 1.66 ps and
the radio frequency spectra of the lasers were recorded in subsequent measurements spaced approximately 60
minutes apart. In order to identify potential influence of feedback due to static residual feedback stemming
from the facets of the opposite laser [119, 278, 281], one laser is turned off while the other is biased above
lasing threshold (at 200 mA). Results depicted in Fig. 4.45(a) show that both round trip frequencies exhibit a
saw-tooth shaped evolution on delay, with different values at the same delays but a periodicity of approximately
25 ps (7.5mm). The round trip periodicity of 50 ps corresponds to the laser cavity round trip as expected for
single-cavity optical feedback [255, 274, 278, 281, 335] shown in previous sections of this work. The not
fully developed saw-tooth dependence appearing as plateaus of approximately 12 ps at the upper part of the
curves where the lasers emit at their free running round trip frequency, is attributed to a limited interaction
between the internal and back-reflected pulses due to the low back reflection from the anti-reflection coated
output facets of the opposite laser. This anti-reflection coating is important here to minimize the effect of
optical feedback for one laser at the front facet of the other laser.

The evolution of the round trip frequency with the optical delay when both lasers are biased at 200mA and
4V is depicted in Fig. 4.45(b). Round trip frequency coincide in regions denoted (II) and (III). The value
of the common round trip frequency is different from the round trip frequency of the solitary lasers as well
as from lasers subject to feedback only, indicating mutual injection locking due to interaction between the
pulse trains of the lasers. On the contrary, no interaction between intra-cavity and incoming pulses (self- or
mutual-injection) seems to occur in region (I) since the lasers maintain their solitary round trip frequency.

In order to investigate the round trip frequency synchronization with respect to the initial round trip frequency
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Figure 4.45: Round trip frequency as a function of increasing optical delay between lasers for (a) one laser
biased at 200mA and the opposite laser off and (b) with both lasers biased simultaneously at
200mA. (c) and (d) depict exemplary RF-traces for QDL A free-running and subject to optical
feedback (QDL B unbiased) and corresponding Lorentzian fits featuring line widths (-3 dB) of
1.5 MHz and 200 kHz.

mismatch between the pulse streams, the bias current in QDL A was varied from 100 to 250 mA while QDL B
was kept at a fixed gain current of 200 mA. Round trip frequency and optical spectra were recorded for a
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fixed fine delay of 30 ps (see Fig. 4.48 and Fig. 4.47 respectively). Curves (a) and (b) refer to both lasers
biased while curves (c) and (d) were acquired with the opposite laser unbiased in order to identify the impact
of self-injection from the facets of the opposite laser. Recordings were not performed simultaneously for
both lases but in subsequent measurements. Referring to Figure 4.48, when the lasers are uncoupled and

Figure 4.46: Round trip frequency depending on the gain current injected into QDL A for different injection
conditions between both lasers.

subject only to the optical feedback from the external cavity formed by the opposite laser facet, their round
trip frequency difference is current dependent with a dynamic range of approximately 4MHz (curves (c) and
(d)) for the range of investigated currents. On the contrary, when both lasers are biased simultaneously, the
round trip frequency coincide for all investigated gain currents in QDL A. The common round trip frequency
is different from the round trip frequency of the uncoupled lasers (both in solitary and feedback condition)
associated to the same bias currents. The highest observed round trip frequency deviation is below 50 kHz
which most likely stems from random drifts due to the slightly changing environmental conditions in the
laboratory between measurements.

The corresponding optical spectra recordings are presented in Fig. 4.47 (a)-(d). Under mutual injection the
optical spectra of both lasers evolve similarly exhibiting periodic shifts with a periodicity of approximately
35mA, equal to the corresponding periodicity of the round trip frequency. The common evolution of the optical
spectra in combination with the identical values of the round trip frequency show matching of both offset
and spacing of the combs and indicate mutual injection-locking with round trip frequency synchronisation
for all currents investigated. So both round trip frequency synchronize on a common round trip frequency.
The optical feedback acts here as a small perturbation which is minimized by the anti reflection coated facet.
The periodicity of 35mA observed in both round trip frequency and optical spectra of the coupled lasers is
related to the injection current interval in QDL A to shift the solitary optical spectrum by one mode-difference
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Figure 4.47: Evolution of optical spectra (a)-(d) for different operation conditions: (a) QDL A feedback-
condition, (b) QDL B feedback-condition, (c) QDL A mutual-injection, (d) QDL B mutual-injection.

(20.07 GHz or 105 pm). Figure 4.48 shows the round trip frequency line width evolution in the case of
synchronization. One sees that in the synchronized case the round trip frequency is reduced. The achieved
values of 8 kHz and 10 kHz for the two lasers are well below the value achieved with optical feedback. This is
due to the fact that the optical feedback strength here is very low and the synchronization strength of both
lasers is high. One can see that mutual coupling two amplitude-modulated comb lasers not only leads to
synchronization of those two lasers furthermore the stability is drastically increased as well.

Conclusion The experimental results gave evidence of the synchronized operation between mode locked
lasers through mutual coupling, mainly focusing on the characteristics of the corresponding frequency combs.
In conclusion, the possibility to generate synchronized pulse trains from two independent quantum dot
amplitude-modulated passively mode-locked lasers where investigated which oscillate at different repetition
rates around 20GHz, employing a mutual optical injection scheme rather than a classic ”master-slave” one.
States controlled by the mutual delay in which the coupled lasers self-organize and led to mutual synchroniza-
tion achieving common round trip frequency with low phase noise were presented. Furthermore, the well
overlapping round trip frequency and optical spectra of both lasers with varying the initial repetition rate
mismatch, indicate mutual injection locking between the lasers. Such mutual coupling of spatially separated
semiconductor passively mode-locked lasers provides a new testbed in the field of non-linear/synchronization
dynamics and may be a useful as an alternative technique for the synchronization of multiple optical frequency
combs.
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Figure 4.48: (a) Round trip frequency line width depending on the gain current injected into QDL A for
different injection conditions between both lasers. (b) Round trip frequency trace of QDL A and
corresponding Lorentzian fit with a line width (-3 dB) of 10 kHz and (c) round trip frequency trace
of QDL B with corresponding Lorentzian fit with a line width (-3 dB) of 8 kHz.

4.6 Optical Feedback sensitivity of near infrared combs & a mid infrared comb:
Experiment & Simulation

Aim This chapter aims at demonstrating phase noise reduction and RF beat note tuning by fine-delay
controlled optical feedback with feedback lengths much longer than the laser cavity lengths applied to single-
section and two-section near-infrared frequency comb lasers as well as a mid-infrared frequency comb laser.
In order to develop a new technique to evaluate the optical feedback sensitivity of all investigated comb lasers,
a modeling framework developed in [119] is adapted in order to describe phase noise and beat note tuning in
dependence on the experimentally applied optical feedback conditions.
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4.6.1 Stochastic comb model

The basic idea behind the stochastic model [119] is to consider the optical frequency comb laser as a free-
running oscillator subject to uncorrelated white timing noise. The optical pulse is oscillating in the laser cavity
and is exhibiting timing deviations within each round trip. Frequency-modulated optical frequency combs are
treated here as lasers with strongly chirped pulses giving quasi continuous-wave output. Changes of optical
power, pulse width or shape by optical feedback are not considered and are regarded as constant. Therefore
this modeling may be regarded as a linearization around the free running condition for small perturbations.
The main timing noise source is spontaneous emission directly coupling to the optical pulse, thus uncorrelated
and white in frequency. After each round trip the timing deviation is accumulated leading to a random walk.
The timing dynamics of the pulses of the comb laser is implemented by a numerical finite-difference approach
with the time interval corresponding to the inverse mean round-trip frequency frt of the comb laser. The
timing deviation T (n+ 1) from an ideal reference clock of the pulse with pulse number n+ 1 is calculated by

T (n+ 1) =
T (n) + σptp · Γ(n) + γ ·W (∆T ) · T (n− nd)

1 + γ ·W (∆T )
(4.37)

where σptp is the free-running pulse-to-pulse timing jitter which is accessed by σptp = (∆frt/2πf
3
rt)

0.5 where
∆frt is the -3 dB line width of the round-trip frequency beat note and frt the round-trip frequency [92]. γ is the
optical feedback sensitivity directly correlated to the optical feedback strength K in the experiment and nd is
the discretized time delay of the optical feedback in terms of number of pulses. Γ(n) is a Gaussian distributed
random number with a standard deviation of 1. The term W (∆T ) = W

(

T (n)− T (n− nd)
)

is a weighting
pulse interaction function and is 1/(2frt) for frequency-modulated combs and two times the auto-correlation
full width at half maximum for amplitude-modulated combs. The basic idea of the statistical effect responsible
for timing phase noise improvement or timing jitter reduction follows the inequality [119, 271]
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(

Γi(N)
)2
〉

N

≥
〈

(

Γi(N) + Γi(N −Nd)

2

)2
〉

N

≥
〈

(

Γ1(N) + Γ2(N)

2

)2
〉

N

(4.38)

where Γi(N) is a sequence of random numbers and
〈〉

N
denotes an averaging with respect to the index N .

The inequality expresses that a sequence of random numbers has a larger variance than two independent
sequences of random numbers. The first term represents a free-running optical frequency comb laser with
coherently locked modes, the last term a locking of two optical frequency comb lasers. The middle term
represents an optical frequency comb laser subject to optical feedback. The first two terms are equal when the
delayed part Nd of the random sequence Γi(N) is zero. The middle term converges towards the last term
when Nd approaches infinity. Thus, for increasing Nd a lower variance of the random sequences and therefore
an increased timing stability is expected.

The term W (∆T ) = W
(

T (n)− T (n− nd)
)

is a weighting pulse interaction function. The asymmetric tuning
of frt in the experiment can be reproduced in the simulation by an asymmetric interaction function. The
asymmetry parameter listed in Table 4.8 denotes the proportion of the left half width half maximum compared
to the right half width half maximum of the normalized Gaussian interaction function. γ values are found by
simulating several sawtooths of the round-trip frequency frt with respect to the fine-delay Lmic for several
values of γ to see the transition from an incomplete tuning to a full sawtooth shaped tuning of the round-trip
frequency frt. In a next step the experimental sawtooth shaped functions are matched with the simulated
ones to match K and γ. The phase noise spectra and thus timing jitter (see section 4.6.4 of this Appendix)
reduction is an additional parameter to prove the model parameters. In the simulation the phase noise spectra
are obtained by Fourier transformation of the timing deviations, whereby 6.4 million pulses are calculated
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and the spectra are averaged over 10 simulation runs. Computation time for 10 spectra with 10 different
fine delays without averaging takes 21 minutes on a 2.3GHz Dual Core CPU. For initial simulation runs 0.64
million pulses are enough what reduces the simulation time from 21 minutes to 2 minutes. Reducing the
number of pulses only increases the cut-off frequency in the phase noise spectra. Computation time scales
linear with number of CPU cores due to massive parallelization. High performance computer clusters are not
necessary. For initialization of the simulation most of the parameters are taken directly from the experiment:
round trip frequency, timing jitter, optical feedback frequency, interaction width W . The feedback strength γ

is varied to fit the experimental data. The steps of timing offsets are chosen to see at least one full laser round
trip time in the desired resolution. for the start a low resolution is chosen, for the final simulation a high
resolution is chosen. Additionally the simulation runs for averaging operation are chosen for the start low and
at the end high averaging for smoother phase noise spectra to average out random walk effects is chosen (10
to 20 is enough, can be adapted to experiment). The number of pulses for the simulations is chosen low at the
beginning (640E3) and high at the end (640E5) only determining the lower frequency boarder of the phase
noise spectra. The implementation is realized the following way. First a random number array (seed) which
has a Gaussian amplitude distribution is generated. Each random number corresponds to one single pulse
timing deviation. For the free-running case of passive mode locking the seed for a given pulse is obtained by
adding the corresponding seed to the seed belonging to the previous pulse. This leads directly to a random
walk and well describes a cumulative timing jitter which is valid for a passively mode-locked laser. Optical
feedback is applied by means of a ring queue. During each step the whole queue is shifted by one element.
The element leaving the queue is added to the seed element entering the queue while being weighted by a
weight factor. This weighted addition shall represent the attracting interaction of a pulse reentering the cavity
with a pulse inside the cavity. Finally Fourier transform of the whole time domain signal is calculated to attain
the phase noise spectra.

4.6.2 Beat note tuning range

Figure 4.49 gives a simplified picture of an optical feedback experiment. From this the maximum tuning
range fmax is calculated in the case of long feedback, meaning that frt ≫ fext holds true and that at least 100
pulses N are in the external cavity. The idea for deriving the maximum tuning range fmax in single-cavity

Figure 4.49: Schematic of an optical feedback experiment.

optical feedback experiments is the synchronization of the internal laser pulses inside the laser cavity with
the external laser pulses in the external cavity. The pulse distance is given by Trt = 1/frt in the case without
optical feedback. In detuned optical feedback the round-trip frequency with optical feedback T̃ rt is calculated
by distributing the detuning ∆T between all pulses N in the laser cavity:

T̃ rt = Trt ±
∆T

N
(4.39)
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With Trt = 1/frt and T̃ rt = 1/f̃ rt and N ≈ frt/fext one gets:

1

f̃ rt

=
1

frt
± ∆Tfext

frt
(4.40)

with ∆frt = f̃ rt − frt being the deviation from the free-running round-trip frequency frt one gets:

∆frt = f̃ rt − frt =
frt

1±∆Tfext
− frt (4.41)

With this expression, the round-trip frequency f̃ rt with optical feedback can be calculated for a given detuning
∆T . To calculate now the maximum tuning range fmax and assuming symmetric tuning around frt one has to
calculate the minimum and the maximum detuning from frt. Then fmax is given by fmax = ∆frt,max −∆frt,min.
For frt ≫ fext the values for ∆T vary between −Trt/2 and +Trt/2. Using this, one gets for fmax:

fmax = ∆frt,max −∆frt,min =
frt

1− Trt

2
fext

− frt

1 +
Trt

2
fext

= − 4fextf
2
rt

f2
ext − 4f2

rt
(4.42)

With frt ≫ fext, one can assume that f2
ext − 4f2

rt ≈ −4f2
rt. Inserting this in the above equation one gets:

fmax = fext (4.43)

4.6.3 Optical Feedback Sensitivity of Semiconductor Combs

Experimental set-up The optical frequency comb lasers are embedded in the optical feedback (OFB) set-up
depicted in Figure 4.50. The long optical feedback delay line is composed of two free space parts and one
fiber delay line. First, the laser beam is collimated and then coupled to a single mode optical fiber which

Figure 4.50: Developed OFB set-up. The OFB cavity is composed of a single mode (SM) fiber and a broad
band mirror mounted on a high precision linear motorized translation stage. The laser emission
is analyzed after passing an optical isolator by a fast photodiode and an electrical spectrum
analyser, and optical spectrum analyser and an intensity auto-correlator. For the interband
cascade laser the radio-frequency signal is directly taken with a ground-signal-ground probe
from the short absorber section of the device and is then directed to the electrical spectrum
analyzer.
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mainly determines the macroscopic optical feedback length Lmac. A polarization controller in the optical
fiber adjusts the polarization the same way the laser emits it. After passing the optical fiber the laser beam
is directed onto a retro-reflecting gold mirror mounted onto a motorized high-precision linear translation
stage for microscopic fine-delay control and is reflected onto a gold mirror, then traveling the optical feedback
cavity back to the laser. A part of the back-reflected light is measured with the Powermeter 1 to determine the
optical feedback strength K. Powermeter 2 is used to monitor the total optical output power of the laser. The
power is corrected for the losses in the optical isolator and the beam splitter ratio for each individual laser. K
is then defined as the power ratio of the back-reflected light onto the laser facet and the total emitted light
of the laser. For evaluation of the radio-frequency beat note of the near-infrared (NIR) laser devices a high
speed photo diode (bandwidth 45GHz, 0.95µm - 1.6µm) connected to a radio-frequency amplifier (27 dB
amplification) and an electrical spectrum analyzer (bandwidth of 26.5GHz) is used. Additionally, an optical
spectrum analyzer (resolution 10 pm, 0.8µm - 1.6µm) for optical spectrum analysis and a non-linear intensity
auto-correlator for pulse width determination for the AM combs is used. For the FM comb interband cascade
laser the radio-frequency signal is taken directly via a ground-signal-ground probe (bandwidth 45GHz) from
the short absorber section of the device, is amplified by a radio-frequency amplifier (27 dB amplification) and
is then directed to the electrical spectrum analyzer.

Free-running characteristics of selected combs Four different comb lasers are investigated as presented in
section 3. Two frequency-modulated comb lasers (4mm long interband cascade laser at 3.3µm (section 3.6)
& 2mm long quantum dash laser at 1.55µm (section 3.3)) and two amplitude-modulated comb lasers (3mm
long quantum well laser at 1.07µm (QW2, section 3.4) & 4.5mm long quantum dot on silicon laser at
1.31µm (section 3.2)).

The investigated quantum well laser (QW2) is operated at 20◦C with a gain injection current of 300mA and
an absorber reverse bias voltage of 1.2 V. The unpackaged investigated quantum dot on silicon laser device
is placed on a copper mount which is temperature stabilized to a laser cooling block temperature of 30 ◦C
and is contacted via an s-shaped fine probe tip with a point radius of 350nm. The laser is operated with a
gain injection current of 170mA and an absorber reverse bias voltage of 2.6 V. The quantum dash structure is
emitting at 1.55µm and is operated at 25◦C with a gain injection current of 220mA. The electrically-injected
interband cascade laser emitting around 3.3µm has a total length of 4mm, of which the absorber section
length is 5%. The laser is operated at 10◦C with a gain injection current of 130mA and an absorber reverse
bias voltage of 0.5 V.

The free-running results of the four investigated lasers are depicted in Figure 4.51. For the frequency-
modulated optical frequency comb lasers the free-running radio-frequency spectrum and the phase noise is
depicted. Optical spectra and phase relation of the quantum dash laser can be found in the previous chapter
in section 4.5.4. The optical spectrum from the interband cascade lasers and the measured intensity and
SWIFTS interferograms proving frequency-modulated comb operation are depicted in Figure 4.52. For the
amplitude-modulated optical frequency combs the optical spectra and the auto-correlation traces are shown
in addition to the radio-frequency spectra and the phase noise.
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Figure 4.51: Free-running performance of the four investigated optical frequency comb semiconductor
lasers at the investigated operation parameters. (a) Frequency-modulated (FM) comb interband
cascade laser. Beat note and phase noise. (b) Frequency-modulated (FM) comb quantum dash
laser. Beat note and phase noise. (c). Amplitude-modulated (AM) comb quantum dot on silicon
laser. Beat note, phase noise, SHG intensity and optical spectrum. (d)Amplitude-modulated (AM)
comb quantum well laser. Beat note, phase noise, SHG intensity and optical spectrum.

Figure 4.52: Free-running results for the interband cascade laser. (a) Optical spectrum. (b) Intensity and
SWIFTS interferograms proving frequency-modulated comb operation.
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4.6.4 Optical feedback: Phase noise & beat note tuning

Introduction Since the round trip beat frequency and line width reacts sensitively to optical back reflections,
it can be used to influence comb operation. Here, based on a time-delay feedback controlled beat note
stabilization experiment seeding a stochastic simulation model, a unified micro comb feedback sensitivity
measure is proposed. This non-interferometric technique is applied to characterize both mid-infrared and
near-infrared micro combs and allows to distinguish between frequency-modulated and amplitude-modulated
operation of a generic unknown frequency comb laser. Results show that amplitude-modulated combs are an
order of magnitude less sensitive to feedback than frequency-modulated combs, with the lowest sensitivity
shown by a quantum dot on silicon amplitude-modulated comb.

Aim The two modes of operation of amplitude-modulated and frequency-modulated combs are important
in the context of on-chip integration of semiconductor laser micro combs since their different temporal
characteristics suggest different susceptibilities to light back-reflected to the cavity. One of the key challenges
for integrated photonic circuits is unavoidable optical feedback from downstream active and passive components.
Demanding free-space semiconductor microcomb experiments that required low phase noise operation have
utilized careful feedbackmanagement including optical isolators, attenuators or irises due to the high sensitivity
of comb states to stray light returning to the cavity [20–22]. The lack of the ”holy grail” of integrated photonics:
the on-chip optical isolator, indicates potential challenges in maintaining comb operation in photonic integrated
circuits.

Status Quo Fortunately, controlled optical feedback can be used for laser frequency stabilization [336, 337].
Since early years of semiconductor lasers, optical cavities have been used to reduce the phase noise and
frequency jitter or single-mode devices [338]. Strikingly, despite adapting this technique to semiconductor
comb lasers [24, 118, 119, 187, 255, 259, 260, 263, 264, 266, 268–276, 278, 280, 281], significantly less
has been known about semiconductor laser frequency comb sensitivity to optical feedback, and no unified
measure of this phenomenon has been reported for an arbitrary microcomb laser to date. This niche ought to
be filled because the possibility of a passive reduction of microcomb phase noise merely by careful engineering
of delayed optical feedback circuits suggests a potential remedy to the integrated photonics challenge and
will play a critical role in cavity-enhanced sensing applications. In principle, microwave injection locking
can restore comb states in an arbitrary laser perturbed by optical feedback, however it is possible over a
limited frequency range and puts sharp requirements on the radio-frequency system design [90]. Furthermore,
the price for microwave injection reducing timing jitter is often an increased optical linewidth [339]. It
should be also noted that long-range delayed optical feedback for microcombs discussed here (centimeter
scale) is considerably different from that of an external mirror located hundreds of microns away from the
laser facet. The latter relied on the Gires-Turnois interferometer (GTI) effect compensating the interactivity
dispersion [109, 340] rather than the stochastic nature of phase noise in long-range delayed feedback.
Delayed feedback can be used to accurately distinguish between the two families of microcombs: amplitude-
modulated and frequency-modulated, which conventionally poses a significant experimental challenge. Solely
from (linear) spectral characteristics measured using optical spectrum analyzers or Fourier transform spec-
trometers in ordinary configurations it is impossible to conclude whether optical pulses are generated or
not. Initial developments in the field of fiber lasers have provided convenient tools for characterize pulsed
sources in the near-infrared relying on nonlinear interferometry. Still, not only are such techniques weakly
compatible with characterization of frequency-modulated sources, but also fall short at longer wavelengths. For
instance, the range of optical power to access the nonlinear (quadratic) regime for two-photon absorption in
semiconductor photodetectors at non-cryogenic temperatures is typically inaccessible for combs with broader
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pulses or frequency-modulated operation [341, 342]. In the mid-infrared, two-photon quantum well infrared
photodetectors (QWIPs) are often used for this application, but their availability at longer wavelengths is
scarce. Some of these challenges have been mitigated with the conception of linear interferometric techniques
such as SWIFTS [195] or FACE [343], however they are experimentally demanding and typically require fast
phase locked loops, high-bandwidth detectors and digitizers as well as multi-channel lock-in amplifiers. Here,
a complementary non-interferometric technique is proposed that allows to distinguish frequency-modulated
and amplitude-modulated combs solely based on the feedback-induced change of the round trip frequency
detectable with the laser under test itself, which is highly attractive given its simplicity and universal character.
Attaining the optical feedback sensitivity by delay differential equation or time traveling wave models is
tedious since for each active region individual models are needed with different parameters. A comparison
between several different active regions is not possible and not discussed in literature yet. For single mode
lasers the linewidth enhancement factor (or Henry factor) is given as a measure of feedback sensitivity and
as a comparison parameter for single mode lasers. It originally describes the coupling between intensity
and phase noise, caused by a dependence of the refractive index on the carrier density in the semiconductor
material [110]. It is a proportionality factor relating phase changes to changes of the gain. The relevance for
coupled modes with a fixed phase relation, namely semiconductor comb lasers, is not yet totally clear CITE.

Experimental Set-up and Modeling Framework The light for either an frequency-modulated comb or an
amplitude-modulated comb is reflected by a broad band mirror and guided back to the laser cavity. The long
external cavity Lmac is realized by a single mode fiber. The factor K is then defined as the back-reflected
power fraction via K = R ·T 2

OD ·T 2
L with the transmission factor TL of the lens, the reflectivity R of the mirror

and the transmission of variable neutral density attenuator wheel given by TOD. Figure 4.53(b) shows the
basics of the stochastic model applied for feedback sensitivity estimation. T (n) is the time difference of the
nth pulse to an ideal reference clock, instantaneous random phase changes (spontaneous emission noise): is
uncorrelated and thus white in frequency. After each round-trip the timing deviation is accumulated leading
to a random walk or if regarded continuously to a Wiener process. in a time domain approach a discretized
differential equation is used.

T (n+ 1) =
T (n) + σptp · Γ(n) + γ ·W (∆T ) · T (n− nd)

1 + γ ·W (∆T )
(4.44)

W (∆T ) is therefor large for frequency-modulated combs due to their quasi continuous wave optical output
and small for amplitude-modulated combs. W (∆T ) is directly coupled to the optical pulse width of an
amplitude-modulated comb. The full simulation parameters used in equation 4.44 for the simulation of the
long optical feedback results are given in Table 4.8. All parameters are obtained from the experimental data
in free-running operation.

Table 4.8: Fixed simulation parameters for the optical frequency comb lasers
Laser frt σptp fext W (∆T) asymmetry

FM Comb ICL 9.597GHz 700 fs 31MHz 52ps -0.58
FM Comb QDh 19.281GHz 115 fs 6.1MHz 26ps 0.01
AM Comb QD 9.175GHz 250 fs 5MHz 13.5 ps 0.1
AM Comb QW 13.634GHz 85 fs 6.2MHz 28ps -0.95

The idea of the model is to treat a semiconductor mode-locked comb laser as a free-running oscillator with the
only noise source of spontaneous emission directly coupling to the lasing modes. This noise is uncorrelated
and therefore whit in frequency leading to a random walk process. Statistical effects are now responsible for
noise reduction. Figure 4.53(c) shows exemplary radio-frequency spectra of the fundamental round trip beat
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note without feedback (bottom) and with feedback (top). Optical feedback leads to a reduction in the radio
frequency beat note line width while producing sidebands in the distance of the external cavity length fext.
Those noise resonances are induced by the noise memory of the optical pulse re-entering the optical cavity
after a certain round trip time. Figure 4.53(d) shows the predicted tuning range dependence expected from
optical feedback experiments.

Figure 4.53: Optical feedback set-up and model basics. (a) Schematic optical feedback experiment for
the FM comb (top) and AM comb (bottom). OD: Optical density filter. K: Optical feedback
strength. The feedback length is composed of a macroscopic length Lmac and a fine adjustable
microscopic length Lmic. (b) Pulse interactionmechanism indicating the difference of the optical
pulse to an ideal reference clock caused by the random walk of the optical pulses. T(n) denotes
the difference of the nth pulse from an ideal reference clock. The interaction width function
W (∆T ) is 1 if feedback pulse and internal laser pulse have a full overlap and goes to zero
for no overlap. The timing detuning ∆T can be controlled in the experiment by Lmic. For FM
combs the interaction function is intuitively chosen broad due to the quasi continuous-wave
output of FM combs. (c) Radio-frequency spectra without optical feedback (top) and with
optical feedback (bottom). Noise induced resonances occur in the optical feedback case in the
distance of fext. (d), Predictedmaximumbeat note tuning range dependence for optical feedback
experiments. [281]. References [A]-[G] indicate measurements for different near-infrared optical
frequency comb lasers. The inset shows the idea of calculating fmax by distributing the detuning
among all pulses in the external cavity. A: [278], B: [281], C: [276], D: [274], E: [272], F: [269],
G: [255]. The bottom part shows the pulse timing of intra-cavity and re-injected pulses and the
fundamental beat note for increasing microscopic delay Lmic.

Figure 4.54 depicts the tuning results for the four investigated comb lasers, two frequency-modulated (a and
b) and two amplitude-modulated (c and d) combs.
The optical feedback strength is increasing from bottom to top for all four lasers. The RF tuning is normalized
to the macroscopic optical feedback length and with this to the maximum tuning range fmax for each indi-
vidual laser, the microscopic delay Lmic is normalized to the individual internal laser round trip time. The
experimental results (red) in (a) and (b) indicate an increasing tuning range with increasing optical feedback
strength reaching the expected maximum tuning range at the maximum applied experimental feedback
strength. The simulated tuning range with the stochastic model is indicated in blue and is increasing with
increasing interaction γ. The interaction γW(∆T) is depicted yellow for each applied feedback strength. For
the frequency-modulated combs in (a) and (b) the interaction function is chosen to be half of the round trip
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Figure 4.54: Experimental and simulated RF tuning results. (a) Experimental tuning results (red), simulated
tuning results (blue) and interaction function (yellow) in dependence on the fine delay τ for the
interband cascade laser (ICL). Measurements are carried out in positive τ direction. Feedback
strengths K and simulation parameters γ increase from bottom to top. For the frequency-
modulated (FM) comb the RF tuning range is increased for increasing K or γ. For all feedback
strengths the interaction function is well above zero. K-values are 1.5E-6, 3E-6, 7.1E-6 and
2.7E-5 and γ-values are 6E-3, 8.5E-3, 1.4E-2 and 3E-2. (b), Equivalent results for the quantum
dash (QDh) laser. K-values are 2.2E-8, 7.6E-8, 2.4E-5 and 5.1E-5 and γ-values are 6E-4, 1.1E-3,
2E-2 and 3E-2. (c), Equivalent results for the quantum dot (QD) on silicon laser. Here, for the
amplitude-modulated (AM) comb, in addition to the increasing RF tuning range with increasing
feedback strength, plateaus in the tuning range dependence are visible for low feedback strength
or γ-values, respectively. Plateaus are located where the interaction function tends to zero.
K-values are 1.3E-3, 2.5E-3, 4.1E-3 and 1.1E-2 and γ-values are 1.5E-2, 2E-2, 2.8E-2 and 4.5E-2. d,
Equivalent results for the quantum well (QW) laser. K-values are 8.7E-7, 5.7E-6, 1.9E-3 and 2.8E-2
and γ-values are 8E-4, 2E-3, 3.8E-2 and 1.6E-1.

frequency thus very broad resembling the quasi continuous wave output of a frequency-modulated comb and
with this an interaction for all applied microscopic delay times. According results are depicted in Figure 4.54
(c) and (d) for amplitude-modulated combs. Here the maximum tuning range is increasing with increas-
ing feedback strength for the experiments as well as in the simulations. The main difference compared to
frequency-modulated combs is the smaller interaction width to account for the amplitude-modulated waveform
of the output of the laser. Especially for low injection strengths the interaction depicted in yellow can reach
values of zero meaning that there is no interaction between the optical feedback pulse and the pulse in the
cavity at all due to a misaligned microscopic delay leading to re-injected pulses just in between the intra-cavity
laser pulses. The interaction width for amplitude-modulated combs is linked to the measured experimental
SHG auto-correlation trace and is given by twice its value to reproduce experimental findings. In the regime
where γW(∆T) is zero for the amplitude-modulated combs the pulses do not interact at all and the tuning
of the RF beat note is zero and the laser is running on its fundamental beat note leading to plateaus in the
traces which are indicated in light green in the graph. At this plateau the timing jitter equals the free-running
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timing jitter of the laser. The interaction is at its maximum at maximum pulse overlap. The asymmetry for
the quantum well lasers is yet not fully understood and can come from a refractive index change by optical
feedback. This asymmetry can be accounted for in the simulations by an asymmetric interaction function.
For details please see the Appendix on the detailed model description. Regarding the increasing feedback
strengths and comparing amplitude-modulated and frequency-modulated combs one can clearly see that
for small feedback strengths plateaus for the amplitude-modulated combs emerge which are not visible for
the frequency-modulated combs since interaction is given there for all microscopic delays due to the quasi
continuous wave optical output.

The phase noise for the strongest (top) and lowest (bottom) optical feedback strength and resonant feedback
delay for the four lasers is depicted in Figure 4.55. At resonant delay the interaction between the feedback

Figure 4.55: Experimental and simulated phase noise results. (a) Top graph shows the experimental (red)
and simulated (blue) phase noise results for the interband cascade laser (ICL) for the strongest
optical feedback strength K or highest value for γ, respectively. Fine-delay is chosen to have the
best phase noise reduction. A solid gray line denotes the 1/f2 dependency of a perfect Lorentzian
RF line and corresponding timing jitter σptp. Equivalent phase noise spectra for the lowest
feedback strength and optimized fine delay in the bottom graph. Noise induced resonances from
the optical feedback cavity occur around 25MHz and multiples fitting to the optical feedback
length. (b) Equivalent results for the quantum dash (QDh) laser. The discrepancy of experiment
and simulation in the top graph shows the limits of the stochastic model that the white noise
from spontaneous emission is not dominating for too strong optical feedback strengths. (c)
Equivalent results for the quantum dot (QD) on silicon laser. (d) Equivalent results for the
quantum well (QW) laser.

pulse and the pulse inside the cavity is the strongest and thus strongest phase noise reduction is expected.
Looking at the interband cascade laser in (a) the experiment and simulation are in good agreement. For the
strong feedback case a large reduction in the timing phase noise is achieved with a reduction in timing jitter
from 700 fs (grey curve) down to 81 fs. For the lower feedback strength meaning a lower pulse interaction only
a reduction down to 333 fs could be achieved. Sidebands are visible at the expected frequencies corresponding
to the macroscopic optical feedback length here around 31MHz. The results for the quantum dash laser
are given in (b). For the lower optical feedback strength Experiment and Simulation are in good agreement
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showing a reduction in phase noise. For the stronger optical feedback a discrepancy between the experimental
results and the simulation results is evident. This indicated that at very low RF line widths or timing jitter
values different environmental noise sources play a more important role. The laser is noise is probably not
only influenced by the self induced spontaneous emission noise but is now subject to mechanical vibrations
or gain current fluctuations since the model does not reproduce this small line widths here found for the
quantum dash laser at high optical feedback strengths. For the amplitude-modulated combs Experiment
and simulation are in the same order of magnitude showing that the from the model assumed spontaneous
emission noise is the main noise source. For the quantum dot on silicon laser the timing jitter is reduced
down to 12 fs (factor 20 compared to free-running) and for the quantum well laser down to 5.3 fs (factor 16
compared to free-running). The best experimental timing jitter values are given in Table 4.9.

Table 4.9: Best timing jitter values in experiment
Laser σptp (free-running) σlt (with OFB) ∆frt,free ∆frt,OFB

FM Comb ICL 700 fs 81 fs 2.7MHz 36 kHz
FM Comb QDh 115 fs 7.1 fs 595 kHz 1.5 kHz

AM Comb QD on Si 250 fs 5.6 fs 300 kHz 0.7 kHz
AM Comb QW 85 fs 12 fs 110 kHz 0.5 kHz

Figure 4.56 depicts the experimental and simulated timing jitter directly correlated to the radio-frequency
line width at the round trip frequency frt [92]. Data was taken in the same measurement than the data of
Figure 4.54.
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Figure 4.56: Experimental and simulated timing jitter results analog to the RF tuning results in Figure 2
of the main text. Results are taken in the same measurement shown in Figure 2 of the main
text. Feedback strengths K and simulation parameters γ increase from bottom to top. Dashed
lines depict the free-running timing jitter. a, Frequency-modulated (FM) comb interband cascade
laser. K-values are 1.5E-6, 3E-6, 7.1E-6 and 2.7E-5 and γ-values are 6E-3, 8.5E-3, 1.4E-2 and 3E-2
increasing from bottom to top. b, Frequency-modulated (FM) comb quantum dash laser. K-
values are 2.2E-8, 7.6E-8, 2.4E-5 and 5.1E-5 and γ-values by 6E-4, 1.1E-3, 2E-2 and 3E-2 increasing
from bottom to top. c, Amplitude-modulated (AM) comb quantum dot on silicon laser. K-values
are 1.3E-3, 2.5E-3, 4.1E-3 and 1.1E-2 and γ-values by 1.5E-2, 2E-2, 2.8E-2 and 4.5E-2 increasing
from bottom to top. d, Amplitude-modulated (AM) comb quantum well laser. K-values are 8.7E-7,
5.7E-6, 1.9E-3 and 2.8E-2 and γ-values by 8E-4, 2E-3, 3.8E-2 and 1.6E-1 increasing from bottom to
top.

Optical feedback sensitivity The evaluation of the feedback sensitivity γ is finally depicted in Figure 4.57.
In Figure 4.57(a) the round trip frequency tuning evolution with increasing γ for frequency-modulated
combs is depicted. The tuning range expands due to stronger interactions with increasing feedback strengths.
No plateaus are visible around zero RF tuning due to the quasi continuous wave output and with this a
complete interaction. Figure 4.57(b) shows the same evolution for the amplitude-modulated comb laser.
Here the tuning range expands as well due to the stronger interaction with increasing γ. It is important
to note that plateaus emerge with zero RF tuning due to the pulsed emission of the amplitude-modulated
comb. At those plateaus the re-injected pulse and the internal laser pulse do not interact due to a a non-
resonant alignment of those two pulses. The connection of the experiment with the simulations is given in
Figure 4.57(c). This is done by the measurements of the RF tuning performance and the achieved tuning
ranges are plotted. Both experimental results and simulation results tend towards the maximum tuning
range fmax. Measuring this curve and fitting the simulated results to the experimental results as seen in
Figure 4.54 leads to the connection of the experimental feedback strength K and the feedback sensitivity
γ which gives the interaction strength in the model. This connection is depicted in Figure 4.57(d) and the
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Figure 4.57: Evaluation of the feedback sensitivity by combining experimental and simulated results. (a)
Exemplary RF tuning for an frequency-modulated (FM) optical frequency comb laser. The RF
tuning range δfrt is increasing with increasing γ. The periodicity of frt is visible. (b) Exemplary
RF tuning for an amplitude-modulated (AM) optical frequency comb laser. The RF tuning range
δfrt is increasing with increasing γ. The periodicity of frt is visible. Plateaus around fine-delay
values of τ · frt =0.5 or 1.5 are evolving and diminish with increasing feedback strength. At
those fine delays the feedback pulse and the intra-cavity pulse do not interact with each other.
The laser is running on its free-running round-trip frequency frt and δfrt is zero. (c) RF tuning
range in dependence on the simulation parameter γ (top) and the experimental optical feedback
strength K (bottom). The tuning range converges towards the maximum expected tuning
range fmax predicted by the external optical feedback length and laser cavity length [281]. (d)
Combination of feedback strength K and feedback sensitivity γ. The red dotted lines correspond
to square root fits to the experimental data with γ = γlas ·K0.5 (ICL: γlas = 5.58, QDh: γlas = 4.18,
QW: γlas = 0.95, QD on Si: γlas = 0.43). Lower curves correspond to lasers with less sensitivity to
optical feedback. Amplitude-modulated (AM) optical frequency combs exhibit nearly one order
of magnitude higher insensitivity as compared to frequency-modulated (FM) optical frequency
combs. Quantum dot on silicon lasers exhibit the strongest feedback insensitivity. References:
[A]: [119] (anti reflection coated facets corrected forK), [B]: [279], [C]: [282], [D]: [281].

results for each laser are fitted with γ = γlasK
0.5. γlas directly resembles the feedback sensitivity. Higher

values of γlas mean that there is a stronger interaction while having the same optical feedback strength in
the experiment meaning that the laser reacts more sensitive to optical feedback. The amplitude-modulated
combs show a much lower sensitivity to optical feedback than the frequency-modulated comb lasers. This
means that optical feedback can be easily applied to frequency-modulated combs to reduce the line width and
the optical feedback has a stronger effect. Additionally it means that amplitude-modulated combs are better
for integration in photonic integrated circuits due to the lack of optical isolators. Unwanted back reflections
will have lower impacts on insensitive comb lasers. The best suited device is the quantum dot on silicon laser
with a value of γlas = 0.43. The strong confinement factor of the quantum dots could be the reason for the
high resistance to optical feedback. The literature on feedback sensitivity of frequency comb lasers is still scarce.

After characterizing the optical feedback sensitivity of different semiconductor laser materials producing
optical frequency combs, the influence of the position of the absorber section and the doping concentration on
the feedback sensitivity in two-section quantum dot comb devices is investigated.
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4.7 Absorber location dependent Feedback sensitivity of doped
amplitude-modulated quantum dot combs: Experiment & Simulation

Aim To improve the optical feedback sensitivity and with this γlas in this chapter two-section quantum dot
lasers on native substrates are investigated. The free-running results of these lasers are discussed in detail
in chapter 4.3. Therefore two lasers are compared with identical dimensions. The only difference will be
the placement of the saturable absorber section. One time at the emission facet, one time at the back facet.
An influence on mode-locking is not expected since both facets are as-cleaved. A reduced interaction of the
re-injected pulse and the intra-cavity pulse can be expected for the two-section devices with the absorber at
the front facet due to the fact that the pulse will directly experience absorption instead of amplification by the
gain section in the classical optical feedback configuration. In a next step the optical feedback sensitivity for
undoped and doped devices will be compared.

Experimental results and discussion In a first step QD18 (80mA & 4V, strongly doped) is used and long
optical feedback is applied. The experimental (red) and simulation (blue) results are depicted in Figure 4.58.
Optical feedback strength K is increasing from left to right. The RF tuning shown in the top row is increasing
with increasing optical feedback strength as expected. At low optical feedback strengths plateaus in the RF
tuning traces are visible. The tuning is shifted to positive RF tuning and the plateaus are located at the bottom
of the RF tuning curve. The laser is changing from an incomplete tuning at low feedback strengths to a full
tuning at high feedback strengths. Experimental and simulated results are in qualitative and quantitative
agreement. The timing jitter in the bottom row shows a reduction of the free-running timing jitter of 115 fs in
the regime where interaction between the re-injected pulse and the pulse in the laser cavity is visible. The
maximum reduction in timing jitter is increasing with increasing optical feedback strength as expected. Again,

Figure 4.58: Experimental and simulated Rf tuning and timing jitter reduction for the 2mm long quantum
dot laser (5.7) with the absorber at the back facet. (a) Feedback strengthK = 8.8 · 10−5 and
γ = 3.2 · 10−3. (b) Feedback strengthK = 1.23 · 10−4 and γ = 4 · 10−3. (c) Feedback strength
K = 1.76 · 10−4 and γ = 5.2 · 10−3. (d) Feedback strengthK = 8.81 · 10−4 and γ = 1.25 · 10−2.
(e) Feedback strengthK = 2.65 · 10−3 and γ = 1.95 · 10−2.
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experiment and simulation are in good qualitative and quantitative agreement.

Reversing the absorber location In a next step, a laser (QD19) with similar dimensions and same doping
is chosen but the absorber is now at the front facet of the laser device. The same injection current (80mA)
and absorber reverse bias voltage (4V) than for QD18 is applied to this device to get a similar performance.
The average optical output power is only decreasing by about 3.5% with the absorber at the front facet. The
pulse width is increased by around 1% and the timing jitter is increased from 115 fs to 150 fs (23%). The
feedback experiments are repeated with QD19 and the absorber at the front facet. Results are depicted in
Figure 4.59. The results look pretty similar compared to the results for QD18. The tuning range is increasing
with increasing feedback strength. Additionally timing jitter reduction is observed in the regime with strong
interactions with the highest reduction for the strongest applied optical feedback strength. Experimental
results and simulation results are in good qualitative and quantitative.

Figure 4.59: Experimental and simulated Rf tuning and timing jitter reduction for the 2mm long quantum
dot laser (5.8) with the absorber at the front facet. (a) Feedback strengthK = 4.57 · 10−5 and
γ = 3.6 · 10−3. (b) Feedback strengthK = 9.14 · 10−5 and γ = 4.8 · 10−3. (c) Feedback strength
K = 1.1 · 10−4 and γ = 5.8 · 10−3. (d) Feedback strengthK = 1.37 · 10−4 and γ = 6.2 · 10−3. (e)
Feedback strengthK = 1.83 · 10−4 and γ = 7.2 · 10−3.

Improved feedback sensitivity The most important part is the determination of γlas and thus the comparison
of the optical feedback sensitivity. The optical feedback strength K in dependence on the feedback sensitivity
γ is depicted in Figure 4.62(b). On can directly see that γlas is reduced from 0.375 to 0.207, an improvement
by factor 1.8 in optical feedback sensitivity. The value of 0.375 for QD18 with the absorber at the back facet is
comparable to the quantum dot on silicon laser. It can be assumed that a similar reduction in sensitivity by
turning a quantum dot on silicon laser around on a photonic integrated circuit can lead to a similar reduction
in sensitivity.
In a next step, two lasers without doping are compared. QD6 with the absorber section at the front facet and
QD5 with the absorber section at the back facet. All dimensions are the same. Results for QD5 are depicted in
Figure 4.60. Again plateaus at low optical feedback strengths are observed. At this plateaus the round trip
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Figure 4.60: Experimental and simulated Rf tuning and timing jitter reduction for the 2mm long quantum
dot laser (1.1) with the absorber at the back facet. (a) Feedback strengthK = 1.8 · 10−5 and
γ = 4 · 10−4. (b) Feedback strength K = 5.5 · 10−5 and γ = 8 · 10−4. (c) Feedback strength
K = 9.95 · 10−5 and γ = 1.1 · 10−3. (d) Feedback strengthK = 2.025 · 10−4 and γ = 1.5 · 10−3.
(e) Feedback strengthK = 1.38 · 10−3 and γ = 4 · 10−2.

frequency and the timing jitter stay mostly unchanged compared to the free-running laser. An asymmetry
to lower round trip frequencies is evident in the results. Experiment and simulation are in good agreement.
Results for QD6 with the absorber at the back facet are depicted in Figure 4.61. These results indicate well

Figure 4.61: Experimental and simulated Rf tuning and timing jitter reduction for the 2mm long quantum
dot laser (1.3) with the absorber at the front facet. (a) Feedback strengthK = 1.6 · 10−4 and
γ = 7 · 10−4. (b) Feedback strengthK = 3.96 · 10−4 and γ = 1.1 · 10−3. (c) Feedback strength
K = 1.12 · 10−3 and γ = 1.7 · 10−3. (d) Feedback strengthK = 1.112 · 10−2 and γ = 6 · 10−3.
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agreement with the results for QD5 with the absorber at the back facet. The important parameter here is
again γlas depicted in Figure 4.62(a) for the undoped device. The extracted values are 0.056 for QD6 with

Figure 4.62: Feedback sensitivity of the undoped and strongly doped devices. (a) Undoped device. (b)
Strongly doped device.

the absorber at the front facet and 0.107 for QD5 with the absorber at the back facet. This is an improvement
by roughly 1.9 in sensitivity by placing the absorber at the front facet. Additionally the undoped devices are
more insensitive to optical feedback then the doped devices by a factor of around 3.5. The full simulation
parameters are given in table 4.10.

Table 4.10: Fixed simulation parameters for the optical frequency comb lasers
Laser frt σptp fext W (∆T) asymmetry Avg. power

QD5 undoped 20.043GHz 60 fs 5.56MHz 14.3 ps -0.39 10mW
QD6 QD undoped 20.047GHz 70 fs 5.56MHz 16.2 ps -0.39 8.4mW
QD18 QD doped 19.6434GHz 115 fs 5.56MHz 9.48 ps 0.45 5.67mW
QD19 QD doped 19.6488GHz 150 fs 5.56MHz 9.67 ps 0.45 5.47mW

Conclusion To summarize the findings of this section, placing the absorber at the front facet reduces the
optical feedback sensitivity and can play a key role for feedback insensitive optical frequency comb lasers in
photonic integrated circuits.
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5 Summary

In this thesis, first, the existence of two states of synchronization in 1mm and 2mm long two-section
InAs/InGaAs quantum dot semiconductor laser frequency combs has been demonstrated experimentally: an
amplitude-modulated comb state and a frequency-modulated comb state. Control of both states has been
demonstrated by varying the absorber to total length ratio and the laser biasing conditions. Amplitude-
modulated combs can be generated when the cavity losses are increased, either by a longer absorber, or by
a increasing the absorber reverse bias voltage. In contrast, frequency-modulated comb generation can be
attained by cavities with low losses, either by a short saturable absorber, or by applying low reverse bias
voltages. In addition, frequency-modulated comb state was demonstrated experimentally in a 1mm long
single-section InAs/InGaAs quantum dot laser. In both states in both single- and two-section lasers, timing
stability exceeding the state-of-the-art is demonstrated experimentally. The corresponding exceptionally low
radio-frequency line width is verified via gain, absorption, and dispersion measurements that allow to serve
as input to an analytical model. Those modeling results suggested quantum dots as the preferred material
for low noise comb generator sources, based on their reduced spontaneous emission noise. Radio-frequency
line widths below 100Hz were generated by both comb states with the lowest value of 30Hz for a 2mm
long two-section InAs/InGaAs quantum dot laser (undoped) with an absorber-to-total-length ratio of 7.6%.
A maximum comb width of 15.7 nm for a 2mm long two-section InAs/InGaAs quantum dot laser (medium
doped, 3·1017 dopants per cm3) with an absorber-to-total-length ratio of 23.8% and a narrowest pulse width
of 970 fs for a 2mm long two-section InAs/InGaAs quantum dot laser (strongly doped, 5·1017 dopants per
cm3) with an absorber-to-total-length ratio of 24.5% was demonstrated.

Second, the impact of p-doping of the quantum dot laser active region barriers on the laser comb properties
has been investigated. It was shown that doping increases the characteristic temperature from 69K up to
1028K in a strongly doped 2mm long InAs/InGaAs quantum dot laser. The bias region in terms of gain
injection current and reverse bias voltage of frequency-modulated comb operation is larger in the 2 mm long
quantum dot doped devices compared to the undoped devices due to the lower absorption (around 10 cm−1

lower) for a comparable absorber to total length ratio ranging from 3% to 25%. Doping does not change the
bias region for shortest pulses in InAs/InGaAs quantum dot two-section devices, but it decreases the region of
stable comb generation to lower gain currents by about 30%.

Third, a set of stabilization schemes covering optical feedback, electrical injection locking and mutual synchro-
nization of two distinct optical frequency comb lasers were comprehensively investigated experimentally and
by modeling. It has been shown, that short optical feedback can multiply the round trip frequency by a factor
of up to four in a two-section 3mm long InGaAs quantum well laser at 1.07µm and in a two-section 3mm long
InAs/InGaAs quantum dot laser at 1.26µm which can be explained by synchronization of the internal and
the external feedback cavity and which has been analyzed and explained by Farey tree operations. Electrical
injection locking in a 2mm long InAs/InP quantum dash comb laser at 1.57µm has proven the universal
random walk nature in frequency-modulated combs which has only been proven for amplitude-modulated
combs so far. Mutual synchronization demonstrated that two 2mm long two-section InAs/InGaAs quantum
dot frequency combs can be synchronized, paving the way to large semiconductor communication networks.
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Finally, novel insight, developed during this thesis, allowed to suggest and demonstrate, experimentally
and by modeling, a new methodology to determine the optical feedback sensitivity of a variety of optical
frequency semiconductor comb lasers. This approach allowed to distinguish between amplitude- and frequency-
modulated comb emission, without the need of nonlinear optical processes or an interferometer. Amplitude-
modulated combs exhibit periodic feedback delay regions with and without interaction, depending on the
delay control. Contrary, frequency-modulated combs always interact, based on their quasi continuous wave
optical output. The feedback sensitivity of a 2mm long single-section InAs/InP quantum dash frequency-
modulated comb at 1.55µm, a 4mm long two-section InAs/GaInSb interband cascade frequency-modulated
laser frequency comb at 3.3µm, a 4.5mm long two-section InAs/InGaAs quantum dot on silicon amplitude-
modulated frequency comb at 1.31µm and a 3mm long two-section InGaAs quantum well amplitude-
modulated frequency comb laser at 1.07µm was successfully determined. The amplitude-modulated combs
exhibited a decreased sensitivity to optical feedback by at least one order of magnitude. The quantum dot on
silicon laser yielded the lowest sensitivity. It was experimentally demonstrated, that the sensitivity can further
be improved by placing the saturable absorber section at the front facet. This scheme and the quantum dot
active region makes quantum dot comb lasers the ideal candidates for future photonic integrated circuits with
many electronic components due to the two major benefits shown in this thesis: The ultra-low phase noise
and the additional low optical feedback sensitivity to unwanted and unavoidable back-reflections on photonic
chips.
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6 Deutsche Zusammenfassung

In dieser Arbeit wird zunächst die Existenz von zwei Synchronisationszuständen in 1mm und 2mm lan-
gen Zwei-Sektions-InAs/InGaAs-Quantenpunkt-Halbleiterlaser-Frequenzkämmen experimentell demonstriert:
einen amplitudenmodulierten Kammzustand und einen frequenzmodulierten Kammzustand. Die Kontrolle
über beide Zustände wurde demonstriert durch Variieren des Verhältnisses von Absorber zu Gesamtlänge und
der Laserbetriebsparameter. Amplitudenmodulierte Kämme können erzeugt werden, wenn die Kavitätsverluste
erhöht werden, entweder durch einen längeren Absorber oder durch eine Erhöhung der Gegenspannung
des Absorbers. Dagegen kann eine frequenzmodulierte Kammerzeugung durch Resonatoren mit niedrigen
Verlusten erreicht werden, entweder durch einen kurzen sättigbaren Absorber oder durch Anlegen einer
niedrigen Gegenspannung. Zusätzlich wurde ein frequenzmodulierter Kammzustand in einem 1mm langen
Ein-Segment-InAs/InGaAs-Quantenpunktlaser demonstriert. In beiden Zuständen, sowohl bei Lasern mit
einem als auch mit zwei Segmenten, wurde eine Stabilität demonstriert, die über den Stand der Technik
hinausgeht. Die entsprechende außergewöhnlich niedrige Hochfrequenz-Linienbreite wird über Gewinn-,
Absorptions- und Dispersionsmessungen verifiziert, die es ermöglichen, ein analytisches Modell zu verwenden.
Diese Modellierungsergebnisse legten Quantenpunkte als bevorzugtes Material für rauscharme Kammgenera-
torquellen, basierend auf ihrem reduzierten spontanen Emissionsrauschen, nahe. Radiofrequenz Linienbreiten
unter 100Hz wurden von beiden Kammzuständen mit dem niedrigsten Wert von 30Hz für einen 2mm
langen Zwei-Sektions-InAs/InGaAs-Quantenpunktlaser (undotiert) mit einem Verhältnis von Absorber zu
Gesamtlänge von 7,6%, erzeugt. Eine maximale Kammbreite von 15,7 nm wurde für einen 2mm langen Zwei-
Sektions-InAs/InGaAs-Quantenpunktlaser (mittel dotiert) mit einem Absorber-zu-Gesamtlänge-Verhältnis
von 23,8% gemessen, ebenso eine schmalste Pulsbreite von 970 fs für einen 2mm langen Zwei-Sektions-
InAs/InGaAs-Quantenpunktlaser (stark dotiert) mit einem Verhältnis von Absorber zu Gesamtlänge von 24,5%.

Zweitens wurde der Einfluss der p-Dotierung der Barrieren des aktiven Bereichs des Quantenpunktlasers auf
die Laserkammeigenschaften untersucht. Es zeigte sich, dass Dotierung die charakteristische Temperatur
in einem stark dotierten 2mm langen InAs/InGaAs-Quantenpunktlaser von 69K auf bis zu 1028K erhöht.
Der Bereich in Bezug auf Injektionsstrom und Gegenspannung des frequenzmodulierten Kammbetriebs ist
größer in den 2mm langen dotierten Quantenpunkt Bauelementen im Vergleich zu undotierten Bauele-
menten aufgrund der geringeren Absorption (etwa 10 cm−1 niedriger) für ein vergleichbares Verhältnis von
Absorber zu Gesamtlänge (3% bis 25%). Doping ändert nichts am Betriebsbereich für die kürzesten Pulse
in Zwei-Sektions-InAs/InGaAs-Quantenpunktlasern, dennoch verringert Doping den Bereich von stabiler
Kammerzeugung zu Gewinnströmen, die etwa 30% niedriger sind.

Drittens wurden eine Reihe von Stabilisierungsschemata: die optische Rückkopplung, elektrische Injektion
und gegenseitige Synchronisation von zwei unterschiedlichen optischen Frequenzkammlasern umfassend
experimentell und durch Modellierung untersucht. Es hat sich gezeigt, dass kurze optische Rückkopplun-
gen die Umlauffrequenz in einem 3mm langen Zwei-Sektions-InGaAs-Quantentopflaser bei 1,07 μm und
in einem 3mm langen Zwei-Sektions-InAs/InGaAs-Quantenpunktlaser bei 1,26 μm um einen Faktor von
bis zu vier verfielfachen können, was durch die Synchronisation der internen und externen Kavität und die
Farey-Baum-Operationen analysiert und erklärt wurde. Elektrische Injektion in einem 2mm langen InAs/InP-
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Quanten-Faden-Kammlaser bei 1,57 μm hat die universelle ”Random-Walk”-Natur in frequenzmodulierten
Kämmen gezeigt, die nur für amplitudenmodulierte Kämme bisher nachgewiesen wurde. Die gegenseitige
Synchronisation zeigte, dass zwei 2mm lange Zwei-Sektions-InAs/InGaAs-Quantenpunkt-Frequenzkämme
synchronisiert werden können, was den Weg zu großen Halbleiter-Kommunikationsnetzwerken ebnen kann.

Schließlich erlauben die neuen Erkenntnisse, die während dieser Arbeit entwickelt wurden, experimentell
und durch Modellierung, eine neue Methode zur Bestimmung der optischen Rückkopplungsempfindlichkeit
einer Vielzahl von optischen Frequenzkamm-Halbleiterlasern zu entwickeln. Dieser Ansatz ermöglichte die
Unterscheidung zwischen amplituden- und frequenz-modulierten Kämmen, ohne die Notwendigkeit nicht-
linearer optischer Prozesse oder eines Interferometers. Amplituden-modulierte Kämme weisen periodische
Rückkopplungs-Verzögerungsbereiche mit und ohne Wechselwirkung auf, abhängig von der exakten Rück-
kopplungslänge. Im Gegensatz dazu interagieren frequenzmodulierte Kämme immer, basierend auf ihrer
quasi-kontinuierlichen Lichtemission. Die Rückkopplungsempfindlichkeiten eines 2mm langen frequenz-
modulierten Ein-Sektions-InAs/InP-Quantenfaden Frequenzkamm bei 1,55 μm, einem 4mm langen frequenz-
modulierten Zwei-Sektions-InAs/GaInSb-Interband-Kaskaden-Frequenzkammlasers bei 3,3 μm, einem 4,5mm
langer amplituden-modulierten Zwei-Sektions-InAs/InGaAs-Quantenpunktfrequenzkammlasers auf Silizium
bei 1,31 μm und einem 3mm langen amplituden-modulierten InGaAs-Quantentopffrequenzkammlasers mit
zwei Sektionen bei 1,07 μm wurden erfolgreich bestimmt. Die amplitudenmodulierten Kämme zeigten eine um
mindestens eine Größenordnung verringerte Empfindlichkeit gegenüber optischer Rückkopplung. Der Quan-
tenpunktlaser auf Silizium zeigte die niedrigste Empfindlichkeit. Es wurde experimentell nachgewiesen, dass
die Sensitivität noch weiter verbessert werden kann, indem der sättigbare Absorberabschnitt an der vorderen
Laserfacette platziert wird. Dieses Schema und der Quantenpunkt als aktive Region macht Quantenpunkt-
Kammlaser zu idealen Kandidaten für zukünftige photonische integrierte Schaltungenmit vielen elektronischen
Komponenten aufgrund der zwei Hauptvorteile, die in dieser Arbeit gezeigt werden: Das extrem niedrige
Phasenrauschen und die zusätzlich geringe optische Rückkopplungsempfindlichkeit gegenüber unerwünschten
und unvermeidbaren Rückreflexionen auf photonisch integrierten Chips.
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7 Outlook on broad area lasers

7.1 Comb indications in a broad area single-section quantum dot laser

This chapter reviews the potential of frequency-modulated comb generation in an undoped broad area (50µm
ridge width) quantum dot laser (QD25). Since a certain amount of losses is necessary for stable frequency-
modulated comb generation broad area lasers are ideal candidates due to their much higher internal losses
compared to narrow ridge waveguide quantum dot lasers. As an initial indicator for the coherence among
the lasing modes, the appearance of the round trip frequency beat note [344] and a threshold behavior of
the inter-mode beat frequency line width suggests frequency-modulated comb operation of the longitudinal
modes due to internal non-linear effects as experimentally and numerically studied recently for a single-section
narrow-ridge InAs/InGaAs quantum dot laser [125] and discussed in the previous chapters. Above lasing
threshold at a certain gain current, multi-modal emission switched from uncorrelated modes to comb operation,
corresponding to a reduction in inter-mode beat frequency line width and integrated intensity noise. Yet, the
existence of a round trip frequency beat note signal of a broad-area semiconductor laser and its evolution with
biasing conditions, indicating comb operation has yet not been reported in literature. The laser output power
characteristics is depicted in Figure 7.1(a) for increasing gain injection currents. The lasing threshold amounts
to 0.13A (0.13 kA/cm2) and a slope efficiency of 0.19W/A is indicated. An exemplary optical spectrum
centered at around 1260 nm is depicted in Figure 7.1(b) for a gain injection current of 875mA (0.875 kA/cm2).
At this operation point, the -3 dB optical spectra width corresponds to 5.33 nm covering 50 optical modes.

Figure 7.1: Basic characterization of the broad area quantum dot laser. (a) Light output power characteristics
of the broad-area quantum dot laser. (b) Measured optical multimodal spectrum at a gain current
of 875mA depicting a -3 dB width of 5.53 nm.

An exemplary full-span radio-frequency spectrum is depicted in Figure 7.2(a) for a biasing current of 875mA.
A strong radio-frequency beat note signature denoting the round trip frequency is apparent at 20.4GHz with
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a signal-to-noise floor ratio of 11 dB. The evolution of the round trip frequency beat note signal-to-noise
floor ratio is depicted in Figure 7.2(b) in dependence on the gain injection current. Up to an injected gain
current of 0.2 A, the inter-mode beat frequency is below the noise floor of the measurement instrument. For
gain injection currents above 0.2A however, strong Signal to noise floor ratios up to 11dB are recovered.
The existence of such a threshold behavior in round trip frequency signal to noise floor ratios has also been
found experimentally in narrow-ridge quantum dot lasers in the previous chapter and corresponding line
width and noise characteristics have been linked to frequency-modulated comb operation in quantum dot
lasers [9, 125]. This threshold behaviour with increasing injection current suggests an initial indication for
frequency-modulated comb generation in broad-area quantum dot lasers. Future studies will focus on the
injection current dependence of the inter-mode beat line widths and potential SWIFTS measurements which
require small radio-frequency line widths.

Figure 7.2: RF beat note analysis of the broad area quantum dot laser. (a) Radio-frequency spectrum of the
broad-area quantum dot laser exhibiting a round trip frequency beat note at 20.4GHz with an RF
beat note signal-to-noise floor ratio (SNR) of 11 dB at a gain injection current of 875mA. (b) RF
beat note SNR in dependence on the gain injection current indicating the presence of strong RF
beat notes above 0.2A.
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Appendix

A.1 Quantum dot comb lasers emission characterizations

Figure 7.3 shows the spectral evolution of 2mm long two-section quantum dot laser QD7 (undoped, 15.7%
ATTL ratio), see laser details in section 3.1, corresponding to the phases in Figure 4.15 in the main text.

Figure 7.3: Spectra of the two-section quantum dot laser (QD7, 15.7% ATTL ratio) in dependence on the gain
injection current and the absorber reverse bias voltage. For low voltages and high gain currents
frequency-modulated comb operation is observed (grey). For high absorber reverse bias voltages
amplitude-modulated comb operation is observed.
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Figure 7.4 shows the phase evolution of 2mm long two-section quantum dot laser QD12 (medium doped,
15.9% ATTL ratio), see laser details in section 3.1, with gain current and absorber reverse bias voltage.
Corresponding optical spectra evolution is shown in Figure 7.5.

Figure 7.4: Phases of the two section quantum dot laser (QD12) in dependence on the gain injection current
and the absorber reverse bias voltage. For low voltages and high gain currents, frequency-
modulated comb operation is observed (grey). For high absorber reverse bias, voltages amplitude-
modulated comb operation is observed.
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Figure 7.5: Spectra of the two section quantum dot laser (QD12) in dependence on the gain injection current
and the absorber reverse bias voltage. For low voltages and high gain currents frequency-
modulated comb operation is observed (grey). For high absorber reverse bias voltages amplitude-
modulated comb operation is observed.
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Laser QD7: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD7 (undoped, ATTL ratio
of 15.7%), laser details in section 3.1, in Figure 7.6. Static (Average output power, Absorber photocurrent),
temporal, radio-frequency and spectral characterization results are depicted as a function of the gain current
and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.6: Detailed characterization results of QD7 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Comb emission characterization results of QD7 at 60°C:

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.7: Detailed characterization results of QD7 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 60°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Laser QD3: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD3 (undoped, ATTL
ratio of 7.6%), laser details in section 3.1, in Figure 7.8. Static (Average output power, Absorber photocurrent),
temporal, radio-frequency and spectral characterization results are depicted as a function of the gain current
and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.8: Detailed characterization results of QD3 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Laser QD5: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD5 (undoped, ATTL ratio
of 11.8%), laser details in section 3.1, in Figure 7.9. Static (Average output power, Absorber photocurrent),
temporal, radio-frequency and spectral characterization results are depicted as a function of the gain current
and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.9: Detailed characterization results of QD5 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Laser QD6: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD6 (undoped, ATTL ratio
of 11.8%), laser details in section 3.1, in Figure 7.10. Static (Average output power, Absorber photocurrent),
temporal, radio-frequency and spectral characterization results are depicted as a function of the gain current
and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.10: Detailed characterization results of QD6 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Laser QD8: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD8 (undoped, ATTL ratio
of 18.8%), laser details in section 3.1, in Figure 7.11. Static (Average output power, Absorber photocurrent),
temporal, radio-frequency and spectral characterization results are depicted as a function of the gain current
and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.11: Detailed characterization results of QD8 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.

150



Laser QD9: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD9 (undoped, ATTL ratio
of 23.4%), laser details in section 3.1, in Figure 7.12. Static (Average output power, Absorber photocurrent),
temporal, radio-frequency and spectral characterization results are depicted as a function of the gain current
and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.12: Detailed characterization results of QD9 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Laser QD10: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD10 (medium doped,
ATTL ratio of 5.8%), laser details in section 3.1, in Figure 7.13. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.13: Detailed characterization results of QD10 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD12: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD12 (medium doped,
ATTL ratio of 15.9%), laser details in section 3.1, in Figure 7.14. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.14: Detailed characterization results of QD12 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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The detailed characterization of QD12 at 60°C is depicted in Figure 7.15.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.15: Detailed characterization results of QD12 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 60°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD13: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD13 (medium doped,
ATTL ratio of 19.9%), laser details in section 3.1, in Figure 7.16. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.16: Detailed characterization results of QD13 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD14: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD14 (medium doped,
ATTL ratio of 23.8%), laser details in section 3.1, in Figure 7.17. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.17: Detailed characterization results of QD14 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.

156



Laser QD17: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD17 (strongly doped,
ATTL ratio of 10.4%), laser details in section 3.1, in Figure 7.18. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.18: Detailed characterization results of QD17 in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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Laser QD18: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD18 (strongly doped,
ATTL ratio of 13.9%), laser details in section 3.1, in Figure 7.19. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.19: Detailed characterization results of QD18 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD19: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD19 (strongly doped,
ATTL ratio of 13.9%), laser details in section 3.1, in Figure 7.20. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.20: Detailed characterization results of QD19 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD20: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD20 (strongly doped,
ATTL ratio of 15.5%), laser details in section 3.1, in Figure 7.21. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.21: Detailed characterization results of QD20 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD22: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD22 (strongly doped,
ATTL ratio of 19.4%), laser details in section 3.1, in Figure 7.22. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.22: Detailed characterization results of QD22 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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The detailed characterization of QD22 at 60°C is depicted in Figure 7.23.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.23: Detailed characterization results of QD22 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 60°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QD23: Comb emission characterization

Comb emission characterization results of 2mm long two-section quantum dot laser QD23 (strongly doped,
ATTL ratio of 24.5%), laser details in section 3.1, in Figure 7.24. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.24: Detailed characterization results of QD23 in dependence on the gain injection current from
0mA to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling
block temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the
auto-correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband
phase noise spectra.
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Laser QDX: Comb emission characterization

Comb emission characterization results of 1mm long two-section quantum dot laser QDX (medium doped,
ATTL ratio of 13.0%), laser details in section 3.1, in Figure 7.25. Static (Average output power, Absorber
photocurrent), temporal, radio-frequency and spectral characterization results are depicted as a function of
the gain current and the applied absorber reverse bias voltage.

(a) Average output power (b) Absorber photo current (c) RF signal-to-noise ratio

(d) De-convoluted pulse width (e) RF line width (f) -3 dB spectral width

Figure 7.25: Detailed characterization results of QDX in dependence on the gain injection current from 0mA
to 300mA and the absorber reverse bias voltage from 0V up to 6V. The laser cooling block
temperature was constant at 20°C. Pulse widths were determined by Gaussian fits to the auto-
correlation traces. The RF line widths are determined by 1/f2 fits to the single-sideband phase
noise spectra.
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A.2 Detailed quantum well photonic integrated comb Laser emission properties

In the following chapter the free-running performance of the photonic integrated quantum well ring laser is
discussed. Results are based on the publication in [169]. The light-current (L-I) characteristics of the laser are
presented in Fig. 7.26 for reverse biases of VSA = 0V (Fig. 7.26(a)), 1 V (Fig. 7.26(b)), 2 V (Fig. 7.26(c)) and
3V, (Fig. 7.26(d)) for both propagating directions clockwise (CW) and counter-clockwise (CCW) (CCW Out 1
and CW Out 4). The gain section injection current ISOA is varied from 5mA to 255mA (increasing currents,
„up“) and from 255mA to 5mA (decreasing currents, „down“) in increments of 10mA. The results for CCW
and CW indicate a threshold current of 55mA at VSA = 0V, as shown in Fig. 7.26(a) which increases with
increasing absorber reverse bias voltage up to 75 mA for VSA = 3V, as depicted in Fig. 7.26(d). The slope
efficiency for CW propagation is generally higher than that for CCW propagation, yet they converge for higher
bias voltages. The highest fiber-coupled power exceeds 0.5mW for VSA = 0V for the CW direction and
decreases with increasing absorber reverse bias voltage to 0.36 mW (VSA = 1V), 0.23 mW (VSA = 2V) and
0.18 mW (VSA = 3V). The CCW direction features a similar behaviour. The same fiber-coupled power is
obtained at VSA = 0V and at VSA = 1V with 0.32mW. For higher absorber reverse bias voltages 0.2mW
(VSA = 2V) and 0.18mW (VSA = 3V) are coupled into the fiber. For both CW and CCW directions and for
all investigated bias voltages, the L-I characteristics exhibit output power hysteresis behavior as depicted in
Fig. 7.26(a)-(d), for ISOA ranging from 75mA to 250mA. However, for the laser biasing conditions studied
here, no L-I hystereses of the threshold point are observed.

Figure 7.26: Fiber-coupled average optical laser output power versus ISOA at (a) VSA = 0V, (b) VSA = 1V, (c)
VSA = 2V and at (d) VSA = 3V. Fiber coupling losses are ≈5dB. Clockwise (CW, Out 4), counter-
clockwise (CCW, Out 1) emission, „up“ denotes increasing and „down“ decreasing injection
current. Note the different y-axis scaling.
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Next, in order to identify amplitude-modulated comb operation, first the appearance of the fundamental round
trip frequency beat note at 23.3GHz is studied and its higher harmonics by radio-frequency spectra analysis
and simultaneously record the signal-to-noise ratio (SNR) which is depicted color-coded in Fig. 7.27(a) in
dependence on injected gain current and applied absorber reverse bias voltage. ISOA is varied from 5mA
to 255mA in increments of 10mA and VSA ranging from 0V to 3V in increments of 0.5 V. The gray region
denotes below lasing threshold operation and indicates the increase in threshold current with increasing VSA.
For low gain currents and low absorber reverse bias voltages (blueish colored region), low SNRs, up to 12 dB,
are identified. However, orange to red colored data points indicate SNRs exceeding 15dB. The transition
between the regions is abrupt, the emission within the area indicated by a dashed line in Fig. 7.27(a) is
regarded as amplitude-modulated comb operation by passive mode-locking.

Figure 7.27: Color-coded map of (a) Round trip frequency beat note signal-to-noise ratio and (b) optical
pulse width (PW) (within a selected biasing regime) in dependence on injected gain current and
absorber reverse bias voltage.

Second, a detailed pulse width study within the identified region of strong SNRs is performed. The de-
convoluted optical pulse widths recorded for ISOA ranging from 150mA to 240mA and for VSA ranging from
2.1 V to 3.1 V are depicted in Fig. 7.27(b). For all investigated biasing conditions, auto-correlation time traces
indicate optical pulses that can be well fitted by well-matching Gaussian functions. Recorded pulse widths
are well below 2.8 ps. In general, broader pulses are measured for lower reverse bias voltages, due to faster
absorption recovery, and for higher injection currents, as the absorber stronger saturates and low intensity
part of the pulse become less absorbed.

For ISOA = 150mA and VSA = 3.1V, an round trip frequency line width of 80 kHz (-3 dB) at a round trip
frequency of 23.3GHz is identified with a SNR of 30 dB, shown in Fig. 7.28(a). A zoom into the round trip
frequency beat note, depicted in Fig. 7.28(b), depicts a pulse-to-pulse timing jitter (TJptp) of 31.7 fs (Loretzian
fit) [92, 119]. A low-frequency signature becomes apparent which is 25 dB below the fundamental beat note
and of spurious origin. It differs from Q-switched mode-locking as it is not apparent around the fundamental
beat note. The shortest pulse width amounts to 1.41 ps and is obtained at ISOA = 150 mA and VSA = 3.1V
as shown in Fig. 7.28(c). Additional pulse broadening of the 1.41 ps long pulse by the EDFA (5m internal
fiber length) and 0.05 ps/nm dispersion [345] is not expected. The broadest obtained optical spectrum is

166



centered at 1575nm with a bandwidth of 10.2 nm (-3 dB) and 19.7 nm (-20dB) as shown in Fig. 7.28(d).
About 52 modes are spaced equally by 0.19 nm within the -3 dB spectral bandwidth and 102 modes within
the -20 dB bandwidth. Third, the spectral widths of the generated optical spectra in dependence on the gain
currents and reverse bias voltages is studied. For the majority of biasing conditions, the optical spectra exhibit
spectrally broad, multi-modal emission for VSA of 0 V, 1 V, 2 V and 3V. A map of the acquired spectral widths
(-3 dB) is depicted color-coded in Fig. 7.29(a) in dependence on injected ISOA from 5mA to 255mA and on
applied VSA from 0V to 3V, corresponding to the biasing conditions selected for Fig. 7.27(a). Within VSA >2
V and ISOA >125 mA, the spectral bandwidths exceed 4.8 nm. For ISOA between 205mA and 245mA and at
VSA = 2V, bandwidths exceed 9.6 nm, indicated by orange and red color. The broadest spectrum of 10.2 nm
(-3 dB) and 19.7 nm (-20 dB) is identified at VSA = 2V and ISOA = 215mA.

Figure 7.28: (a) Full-span RF spectrum for ISOA = 150mA, VSA = 3.1 V. The inset shows the optical spectrum
for the same bias conditions. (b) Zoom into (a) and Lorentzian fit. (c) Auto-correlation trace at
ISOA = 150mA and VSA = 3.1 V. Scan range: 10 ps. (d) Optical spectrum at ISOA = 215mA, VSA =
2.0V.

Finally, obtained insight into the optical spectra and auto-correlation traces yield the time bandwidth prod-
uct (TBP), depicted in Fig. 7.29(b) for the same biasing conditions as in Fig. 7.27(b). The TBP for ISOA =
215mA and VSA = 2V amounts to 3.06, the minimum TBP of 0.96 is measured for ISOA = 150mA and VSA
= 3.1V. This operation condition coincides with the shortest measured pulse width of 1.41 ps. This indicates
that the pulses are 2.2 times broader than expected by the Fourier transform limit. As indicated earlier, this
broadening is attributed to the laser, thus future work will include to access the coherence across the modes
and to evaluate the pulse chirp [170].
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In conclusion, a photonic integrated circuit mode-locked extended cavity ring laser with two absorbers in a
point symmetric geometry, manufactured in an InP-based generic foundry was designed and experimentally
studied. Phase-locked 10.3 nm broad optical spectra been generated at an inter-mode beat frequency of
23.3GHz. The minimum round trip frequence line width of 80 kHz corresponds to a pulse-to-pulse timing
jitter of 31.7 fs. The shortest optical pulses were 1.4 ps accompanied by the lowest time-bandwidth-product
value of 0.96.

Figure 7.29: Color-coded map of (a) optical spectral width (-3 dB) and (b) time-bandwidth-product (TBP)
(within a selected biasing regime) in dependence on the injection current and absorber reverse
bias.
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A.3 Modal gain vs. current density in quantum dot combs

Figure 7.30 shows the evolution of the central net modal gain value with injection current density for the
different temperatures for each of the 2mm long quantum dot lasers (QD26 undoped, QD27 medium doped,
QD28 strongly doped, see section 3.1 for details). For the undoped lasers the net modal gain magnitude for a
certain current density decreases strongly, for example the central net modal gain of the undoped laser at
200 A/cm² decreases by 1.4 cm−1 when increasing the temperature from 11°C to 20°C and even by 3.8 cm−1

at 300 A/cm² when increasing the temperature from 40°C to 60°C. For the doped devices this effect is less
strong, the central net modal gain of the medium doped laser at 200 A/cm² already decreases only half as
strong by 0.7 cm−1 when increasing the temperature from 11 to 20°C and by 3.6 cm−1 at 250 A/cm² from 40
to 60°C. The strongly doped laser at 250 A/cm² even only decreases by 0.4 cm−1 from 11°C to 20°C and by
2.5 cm−1 from 40°C to 60°C.

Figure 7.30: Comparison of the net modal gain measured at the central wavelength versus injection current
density for the three different 2mm long quantum dot lasers for different temperatures. The
fitted curves correspond to logarithmic fits, since the measured current densities are below the
region of gain saturation. The data was obtained under uniform current injection (a) Undoped
device QD26. (b) Medium doped device QD27. (c) Strongly doped device QD28.

Model validation A proposed analytical model to predict the mode-locking capability (mode-locking in the
sense here refers only to amplitude-modulated comb generation) of a two-section laser, based on the net-gain
modulation phasor approach by [346] and extended to account for separate gain and absorber sections and
the internal loss, directly relates the net modal gain and absorption to mode-locking through the following
condition [273]:

α0

GNet,0

La

Lg
>

(

dG
dJ

|GNet=GNet(Jth)

dG
dJ

|GNet=0

)2

(7.1)

with La and Lg the length of the absorber, respectively gain section of the device, GNet,0 the measured net
modal gain and α0 the modal absorption at the central wavelength. dG/dJ is the differential gain, that is the
gradient of the net modal gain versus current density, measured at the threshold (Jth) and at the current
density corresponding to a net modal gain of 0.

The threshold net modal gain GNet,0 is already determined by the threshold condition (GNet,0 + αm) · Lg =
−(α0+αm) ·La, with αm being the mirror losses and GNet,0 and α0 each also containing the internal losses αi.
Therefore the main parameters to positively influence the mode-locking ability are a high modal absorption a0
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or a large absorber to gain section ratio to increase the left side of the inequality. Otherwise a much lower
differential gain at the threshold than at the current density corresponding to a net modal gain value of zero
would be required to decrease the right side of the inequality, meaning the laser threshold should be high
enough to reach the regime of gain saturation. As stated in [211], the fulfilment of equation 7.1 is only the
minimum requirement for mode-locking. To be able to declare a real boundary condition of how much larger
the left side of the equation has to be than the right side in order to enable pulse generation, a comparison of
the analytic results with the experimental measurement of pulse generation for a series of different biasing
conditions is needed. If this is fulfilled the condition may be used to predict pulse generation for other biasing
conditions as well.

Due to the fact that the approach by Lin et al. [273] is the only one given in literature to predict mode-locking
by a simple equation from only gain and absorption parameters the method was implemented. The results
are indicated in Figure 7.31. One can see that for the undoped device the equation is always fullfilled and
for the doped devices the equation is fullfilled only for higher absorber reverse bias voltages. This trend
can be observed as well in the regions for frequency- and amplitude-modulated comb generation in the
main text. There, the regime for amplitude-modulated comb generation is shifted to higher reverse bias
voltages for the doped devices due to the lower absorption. So the approach of Lin et al. [273] gives us
an indicator where to find amplitude-modulated comb generation. Since this approach is more than 10
years old, frequency-modulated combs where not considered as mode-locking in this approach. Furthermore
the lasers investigated in this work operate far away from gain saturation and the exponential saturation
expected in Figure 7.30 is not observed. Nevertheless this equation can give an indicator where to find
amplitude-modulated comb generation (e.g. at large ATTLs and high absorber reverse bias voltages) and basic
trends can be predicted and the equation can not be treated as a hard criterion for mode-locking.

Figure 7.31: Left side of the analytic equation 7.1 versus reverse bias voltage. The right side is fixed and
indicated. (a) Undoped device (ATTL ratio 5.6%). (b) Medium doped device (ATTL ratio 5.4%).
(c) Strongly doped device (ATTL ratio 5.1%).
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