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Chapter 1.

Introduction

1.1. Introduction
The research and development of short-pulse laser systems is triggered by demands
in different applications in science and industry. There are several features of these
ultrafast lasers which makes them outstanding light sources for various applications.
First of all it is an ability to generate short and intense optical pulses in the
picosecond and femtosecond range. Low duration of the produced optical pulse
allows for fast temporal resolution in pump-probe experiments, for example to
resolve the dynamics of chemicals bonds [1] or in electro-optical high speed
sampling of integrated circuits [2]. The high peak intensity is used in two-photon
microscopy [3], where the optical pulse excites fluorescence from the area of
interest. Since the total absorbed power of the incident light is low, the heating of the
sample is much reduced in comparison to other approaches. The very fast delivery
of energy to matter is the reason ultrafast lasers are used for high precision level
cutting surgeries for example for corneal surgeries [4], [5] or to achieve non-thermal
ablation for micromachining purposes [6]. Another important property of the shortpulsed lasers is that a stable broad optical comb can be produced, where the spacing
between individual longitudinal modes is equal to the repetition rate. This makes
that ultrafast lasers are suitable for high-speed gas spectroscopy [7], wavelengthdivision multiplexing systems [8], [9] and high precision optical metrology [10],
[11]. High repetition rate short-pulsed lasers are used for various telecommunication
systems [12] such as time-division multiplexing [13] and clock recovery [14].
There were several techniques developed to achieve short optical pulses. Short-pulse
generation was demonstrated first by De Maria in 1966 [15] using passive modelocking of Nd doped glass lasers with a dye saturable absorber. However, the dye
absorber has a disadvantage due to the degradation of the dye with time, which
makes them impractical for use in applications. Similar arguments hold for passively
mode-locked dye lasers. Dye lasers were replaced by the solid state lasers, who can
be modelocked by the Kerr lens mode-locking (KLM) mechanism [16]. This
mechanism is typically used when femtosecond pulses and high peak powers (up to
5 106 W [17]) are required. The ultra-wide spectrum that can be generated by a
femtosecond solid-state laser in combination with a photonic crystal fibre, allows for
its use as a source of a stable frequency comb for metrology applications [10].
Recently, the fiber based lasers with low pulse duration, high peak power and
relatively high repetition rate were demonstrated. The use of semiconductor diode as
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a pump enables the both fiber- and solid state lasers to be suitable for telecom
applications [18].
Although the systems have very significantly improved over the years, in the
applications which employ solid-state or fiber lasers, the lasers themselves are still
remaining bulky, fragile, complex and expensive. Mode-locking can also be
achieved in semiconductor lasers, which in principle allows for a reduction in size
and complexity of the system as well as mass production. Laser schemes which
involve optical pumping of the vertical external cavity, surface-emitting
semiconductor lasers (known as VECSELs or semiconductor disk lasers) are able to
produce short optical pulses [18]. Pulse durations from tens of picoseconds with
multi Watt average output power down to 260 fs at 230 mW have been
demonstrated with such systems [19]. The edge emitting semiconductor modelocked lasers, which do not require an optical pump, typically produce picosecond
pulses with output power around several tens of milliwatts [20], [21]. The
monolithic mode-locked semiconductor laser has become a particular subject of
interest. They are compact and robust electrically pumped sources of short optical
pulses that can be integrated with other optical elements on a single monolithic chip.
This makes that costs can be reduced when such laser systems are fabricated in high
volumes [22]. A large variety of optical circuits, including those which require
short-pulse laser as a source, can be realized using photonic integration technology,
especially when active-passive integration is available. Using active-passive
integration technology optical amplifiers for light generation, passive waveguides
and phase shifters can be combined on the same chip [22]. The aim of what is
known as generic photonic integration is to simplify the process of designing of the
photonic integration circuits (PICs) by using the library of standard layerstack
building blocks (BB) [23]. By combing of these standard BBs, mode-locked lasers
of different geometry as well as more complex PICs with one or more mode-locked
lasers can be realized.
However the performance of such integrated semiconductor short-pulsed lasers is
still far behind those demonstrated by the VCSELs, solid state and fiber based lasers.
Even though the gain bandwidth of the semiconductors is wide enough to produce
optical pulses of few tens of femtoseconds, the pulse durations are usually are in the
order of a few picoseconds [21]. The produced optical pulses often have additional
satellite pulses and they are not Fourier limited due to the high phase-amplitude
coupling [24]. Average output power is often below 1 mW. Significant improvement
of the performance was achieved when devices based on low dimensional structures
such as quantum wells [20], quantum dots [25], [26] and quantum dashes [27] were
used. Due to the increase of the differential gain, decrease of the threshold current
and low confinement factor, shorter pulses and more stable operation was achieved.
2

Optical pulses with duration of several hundreds of femtoseconds and with average
power of several tens of miliwatt were achieved in quantum dot lasers [28], [29].
In this work we focus on studying and improving the performance of integrated QW
based semiconductor short-pulse lasers and the development of a library of shortpulsed lasers with particular output properties based on basic building blocks in a
generic photonic integration technology platform. This work will allow for easier
further integration of these lasers into application oriented PICs.
In Section 1.2 the basics of the mod-locked lasers are presented. Section 1.2 also
includes a description of the technics for achieving mode-locked state in lasers. This
is followed by an overview of the thesis in Section 1.3.

1.2. Mode-locking basics
One of the methods to produce periodic short optical pulses from a laser is by
achieving a mode-locking operating regime. Electromagnetic waves in laser cavity
form a pattern of standing waves defined by the interference after many reflections
from the mirrors of the laser cavity. The waves with the frequencies which fulfil the
condition of constructive interference are excitations of the modes. The modes
which have nodes located along the axis of the cavity are called longitudinal modes.
The longitudinal modes are defined by the amplitude, phase and carrier frequency.
For a mode-locked laser the cavity must support only a single transverse mode, a
condition which is easily satisfied in a single transverse mode waveguide based
laser. The total signal generated by the mode-locked laser can be written as a
superposition of all longitudinal modes present in the cavity:
m N

E (t ) 

E e
m

m  N

i (0  m  ) t

,

(1.1)

Em  Am eim ,
Where 𝜔0 is the optical frequency of the central optical mode, ∆𝜔 is the mode
separation frequency, 𝐴𝑚 is the amplitude of each mode, 𝜑𝑚 is the phase of each
mode. When several or ideally all of the longitudinal modes have a constant phase
relation in the laser cavity, a short optical pulse train is obtained. The technique of
locking of the phases of the longitudinal modes is called mode-locking. Fig. 1.1
shows and example of the optical spectrum of a laser in the mode-locking state in
frequency (left) and time domain (right).
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Fig. 1.1. Frequency comb and pulse train generated by a mode-locked laser.

In the case of fundamental mode-locking in a Fabry-Perot cavity the frequency
spacing between the modes 𝑓𝑟𝑒𝑝 is:
f rep 

  vg

,
2
2L

(1.2)

where vg is group velocity and L is the length of the cavity. Thus the pulse
repetition rate is determined by the length of the cavity. In a ring cavity the
repetition rate is two times higher for the same cavity length. In the case of harmonic
mode-locking, a repetition rate which is an integer of the fundamental repetition rate
𝑓𝑟𝑒𝑝 is achieved. If the phases of the cavity modes are kept equal, the pulse width Δτ
is inversely proportional to the width of the optical spectrum Δf, the bandwidth of
the laser. However, in reality due to noise sources of various nature (spontaneous
emission, noise from the power source, variation of the cavity length, temperature
fluctuations, intracavity and back reflections) the phase relation between the
longitudinal modes and the amplitudes of the modes in a mode-locked laser are not
perfectly fixed but can vary to some degree over time. This noise leads to the
appearance of amplitude and timing fluctuations of the pulse train. In order to
characterize these fluctuations, the laser output can be sent to a photodetector. In the
photodetector signal generated by the beat between the longitudinal modes can be
measured [30]. The variation in the phases of the modes lead to a broadening of the
RF beat tone and cause a variation of the position of the optical pulse in relation
with other optical pulses in the train. This variation is called timing jitter. The
amplitude variation of the pulse train, the amplitude jitter, also can be observed in
the measurement of the RF spectrum. The amplitude jitter typically leads to the
appearance of spectral components at frequencies that are much lower than the
repetition rate and around the RF peak at the repetition rate and its harmonics. In
case the amplitude and timing jitter are independent from each other, the effect of
the amplitude jitter on the shape of each harmonic component in the RF spectrum is
the same. For timing jitter the effect on the shape increases quadratically with the
number of the harmonic. This enables one to separate the amplitude and timing jitter
4

contribution to the RF spectrum [31]. However in practice, especially in the case of
the semiconductor mode-locked laser, timing fluctuations have an impact on the
amplitude noise and vice versa. A strong and narrow beat tone RF signal is therefore
clear indication of good mode-locking behaviour of the laser. The linewidth of the
first RF harmonic is directly related to the timming jitter fluctuations [30]. In the
optical spectrum the timing jitter results in a broadening of the optical linewidth of
the longitudinal modes due to fluctuations in spacing between the modes. The
optical linewidth caused by the timing jitter varies over the spectrum [32]. The
amplitude fluctuations result in a homogeneous broadening of the linewidth over the
optical spectrum [31]. In addition to the timing and amplitude jitter the optical
linewidth of each line in the frequency comb is affected by noise in the carrier
envelope offset which is a fluctuation of 𝜔0 . In this case the linewidth is broadened
homogeneously over the optical comb.
The standard methods of achieving mode-locking state in a laser involve either
active modulation of a loss inside the cavity (active mode-locking) or employing
nonlinear properties of an optical component inside the cavity (passive modelocking). The work presented in this thesis is focused on a study of passively modelocked lasers using a saturable absorber (SA) as a non-linear optical component. The
combination of active and passive mode-locking is sometimes used with
semiconductor lasers and this is called hybrid mode-locking. Hybrid mode-locking
allows one to control, tune and stabilize the repetition rate of the PML by injection
of an electrical signal at the fundamental, a harmonic or sub-harmonic frequency
[33].
1.2.1. Active mode-locking
One of the first attempts to generate short optical pulses was based on the so-called
active-mode-locking technique, in which an external sinusoidal signal is applied on
an optical loss modulator inside the cavity. If the period of the external signal is
equal to the roundtrip time T of the laser cavity and the saturated gain section
supports amplification only around the minimal loss, a train of optical pulses which
are significantly shorter than the roundtrip time can be obtained [28]

Fig. 1.2. Active mode-locking: sketch of the laser cavity (left) and time profile of the pulse train, gain and loss.
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The principle of this technique is presented in Fig. 1.2. Modulation of losses can be
achieved using a acousto-optic [35], an electro-optic or a Mach-Zehnder modulator
[36]. As a result, short pulses down to the picosecond range can be produced.
Harmonic mode-locking can be achieved by the modulation of loss with an integer
multiples of the fundamental frequency.

Fig. 1.3. Schematic representation of modes interaction inside the actively mode-locked laser.

In the frequency domain, active-mode-locking can be explained as it is shown in
Fig. 1.3. The loss modulation creates side bands at frequencies ω0 ˗ ωm and ω0 + ωm
around the initial CW signal δ(ω0). If the modulation frequency ωm matches the
fundamental laser cavity frequency, energy is transferred coherently from δ(ω0) to
the neighbouring longitudinal modes. This process makes that longitudinal modes
with the same phase have a slightly higher roundtrip gain and a coherent optical
comb builds up.
1.2.2. Passive mode-locking
For passive mode-locking there is no need of external modulation source. The SA
provides self-amplitude modulation of the light inside the cavity through saturation
of its absorption. There are two variants of passive mode-locking using an SA [37].
The first one is based on the use of a fast saturable absorber. When the pulse
propagates through the SA it bleaches the absorption and it recovers fast, i.e. with a
characteristic time in the order of the pulse duration. Thus a short window of net
gain roundtrip gain for the pulse is formed. In this case the loss modulation is similar
to the one of active mode-locking shown in Fig. 1.2 with the only difference that the
modulation of the loss is caused by the SA. This principle applies for the solid state
lasers with semiconductor saturable absorber mirrors (SESAMs) [38].
Another concept is based on a mechanism which combines a slow gain saturation
recovery and a slow SA saturation recovery. The laser cavity and the principle are
shown in Fig. 1.4.

6

Fig. 1.4. Passive mode-locking with slow gain and absorption saturation: sketch of the laser cavity (left) and gain
and absorption dynamics and pulse train in time.

The pulse is travelling back and forth and saturates the SA in a way that the rising
slope of the pulse becomes steeper and the peak of the pulse experiences a high net
gain. The optical gain in the amplifier is saturated towards the end of the pulse. In
this case the trailing edge is experiencing a net loss. Both of these saturation
processes have recovery times that are much longer than the pulse duration.
However, by combining them in a way that the SA saturation precedes the gain
saturation, a short net gain window can be created as is shown in Fig. 1.4 (right).
The combination of gain and SA saturation is employed in semiconductor passively
mode-locked lasers [39] and mode-locked dye lasers [40].
1.2.3. Other methods of pulse generation
The presence of a non-linearity in the laser cavity allows one to achieve modelocking state without employing a SA. “Active” frequency modulated (FM) locking
can be achieved when phase modulation is introduced inside the cavity [41].
Similarly to the active mode-locking the energy will be transferred from the carrier
modes to the side bands caused by the modulation of the phase at the fundamental
frequency of the laser cavity. However, in the case of FM locking relative phases of
the neighbouring modes are opposite. In [42] it was shown that a mode-locking state
can be achieved in FM locked lasers without employing a phase modulator due to
the presence of four-wave mixing. This effect can be enhanced by injection of CW
signal into single section semiconductor laser [43].
Another way to achieve mode-locking is to use the nonlinearity of the refractive
index. Kerr lens mode-locking (KLM) is based on a self-focusing effect that is
produced by the nonlinear refractive index in the gain or in another material in
transverse direction [16], [38]. This effect is used in Ti:Saphire KLM mode-locked
lasers. The combination of this self-focusing effect and an additional aperture forms
an effective fast saturable absorber and leads to the generation of short optical
pulses. In additive pulse mode-locking [44] a saturable absorber is created by
exploiting the non-linear phase shift in a single mode fiber. Such a laser is based on
a coupled-cavity structure. The main cavity contains the optical gain section.
7
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Another cavity is formed by the fiber which has the same round trip time as the first
cavity. The pulses in the fiber cavity interferes with those of the main cavity in a
way that the peak of the pulse undergoes constructive interference and the wings are
cancelled. The additive pulse mode-locking was also realized in external surfaceemitting [45] and in monolithic semiconductor lasers [46].
The propagation of an intense short pulse through a non-polarization maintaining
fiber leads to a non-linear change of the polarization state. This effect is exploited in
passive mode-locked fiber lasers [47]. Similarly to KLM mode-locking an effective
fast saturable absorber can be obtained when a polarization controller or wave plate
and the fiber are combined in the cavity.
In addition to the mode-locking methods there are a number of techniques which are
based on modulation of the net gain and with which a train of the short optical
pulses of variable repetition rate can be achieved. Those are gain switching and
quality factor (Q-switching) methods [48], [24]. The gain switching technique is
used in gas lasers, solid-state, dye and semiconductor laser diodes. This method is
based on modulation of the gain through the pump power. In semiconductor laser
the gain switching is achieved when short current pulses are applied. In contrast to
mode-locking or Q-switching the gain-switching does not require special laser
design and can be realized in any diode laser. The idea of this method originated
from the observation of the relaxation oscillations when the laser was switched from
the below the threshold conditions to the lasing state using current pulses. The
method is based on excitation of the first pulse of the relaxation oscillations
followed by terminating the electrical pulse. As a result short intense optical pulses
with a duration from a few nanoseconds to a few picoseconds and with peak powers
in the range of few miliwatts to a few watts can be achieved.
In Q-switched lasers the short optical pulses are achieved by modulating the optical
loss in the laser cavity and therefore its quality or “Q” factor. In semiconductor
lasers this modulation can be achieved either by the presence of the SA (passive Qswitching) or a modulator (active Q-switching) inside the cavity. Q-switching allows
for the generation of pulses with intensities that exceed by a few orders of
magnitudes those of gain-switched or mode-locked lasers. The idea of the Qswitched lasers is similar to that in the gain switched lasers. The net gain in the
actively Q-switched lasers is modulated through the modulation of the losses in the
cavity. The generation of the Q-switched pulses can be described as follows.
Initially the resonator losses are high. Then, the losses are dropped to a low level and
the optical energy inside the resonator starts to build up. At the point when the
energy inside the cavity reaches saturation energy of the gain the optical pulse
reaches its peak. In passive Q-switching the losses are modulated by the SA and an
external electrical or optical signal is not required. Passive Q-switching, or as it is
8

also called self-pulsation, can be observed in lasers intended to operate in the
passive mode-locking regime. The pulse duration obtained in these methods usually
exceeds the round trip time.
1.2.4. Semiconductor passive mode-locked lasers (PML)
In this work we focus on a study of passive mode-locking in monolithic
semiconductor lasers. There are several peculiarities which make semiconductor
PML to be different from other PML types. In waveguide based semiconductor
PMLs the SA and SOA can have the same pin-type diode double heterostructure. By
applying different bias conditions either the function of an SOA or an SA can be
achieved. The recovery of the SA absorption and the SOA gain contains both slow
and fast components [21]. The slow recovery is associated with the total carrier
population change due to the interband recombination. The fast component is
associated with the deviation in the intraband carrier distribution and following
thermalization. The mode-locked operation of these devices is best understood as
slow saturable absorber mode-locking. Another important aspect of the operation of
semiconductor passive mode-locked lasers is the strong phase–amplitude coupling in
semiconductor gain materials. Its role is important due to the large changes of carrier
densities involved with the saturation of the SOA by the optical pulse. The changes
in carrier density in the case of gain or SA saturation lead to severe self-phase
modulation effect. This could result in a chirped output pulse. These phase
distortions are significantly larger than dispersion effects in the cavity. They make
that only for a limited range of bias values on the SOA and SA mode-locking can be
achieved in semiconductor lasers. In addition large carrier densities and the band
structure make a prediction of the behaviour of monolithic PMLs challenging. In this
thesis we address both: the issue of the limited performance of monolithic
semiconductor passively mode-locked lasers and the challenge of the prediction of
PML output properties.

1.3. Integrated passively mode-locked lasers: thesis overview
The simplest semiconductor PML that can be realized as a photonic integration
circuit (PIC) is formed by a SOA and a SA in a Fabry-Perot waveguide resonator
using a split electrical contact. The SA can be formed by reverse biasing a small
section of the SOA. The SOA provides the optical gain which can be saturated.
However the use of such a two-section Fabry-Perot laser is often limited either by
the relatively long pulse durations of 1-8 ps that can be achieved, a limited operating
conditions region for stable PML operation or a small coherent optical bandwidth
[49].
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The study presented in this thesis is in the framework of the generic integration
technology, where the SOA and SA are realized as building blocks with a
standardized layer stack based on QW core [23]. Previous works dedicated to
monolithic PMLs were using a customized layerstack designed for the need of
specific projects. This allows one to freely modify properties of the SOA and SA
and to improve the performance of the PMLs in this way. However, the use of the
generic fabrication model allows one to use a mature technology process and makes
the design process much faster through the use of standardised building blocks.
Furthermore it gives the possibility for the PMLs that have been designed to be
transferred more quickly to production and to be used for various applications.
The work presented in this thesis involved the investigation of the mode-locked
lasers realised in three different fabrication platforms. These are: a) the COBRA
platform which has been adapted by the spinoff company Smart Photonics located in
Eindhoven; b) the Oclaro platform by Oclaro technology U.K. located in Caswell,
UK; c) the platform of Fraunhofer Heinrich Herz Institute (HHI) in Berlin,
Germany. Access to the Oclaro and HHI integration platforms was available through
the European FP7 integrated project Paradigm. Access to the COBRA platform was
organised through the Jeppix coordinator [50]. Each of the platform has its own
advantages. The Cobra platform provides a reliable process, which allows for the
fabrication of deeply and shallowly etched passive ridge waveguides, electro-optic
phase modulators, multiquantum well (MQW) based SOAs and SA’s and phase
modulators [22]. Active-passive integration is achieved using a butt-joint technology
with one regrowth step and one overgrowth step. The use of shallow ridge
waveguides makes that an average 3 dB/cm passive optical waveguide loss can be
achieved. The Oclaro platform supports a similar set of waveguides but with two
main differences. The first main difference and major advantage of the Oclaro
platform for the work presented here is possibility to fabricate tuneable DBR
gratings with different strength. It allowed for the realization of the tuneable
passively mode-locked lasers presented in Chapter 5. The second main difference is
that only deeply etched passive ridge waveguides with 5-6 dB/cm are supported.
Detailed information about the Oclaro building blocks was not disclosed. The HHI
platform uses a semi-insulating substrate which started off allowing for high-speed
photodetectors, passive waveguides and spotsize convertors [51] and was extended
with quantum well SOAs and SAs as well as thermo-optic phase modulators. Since
the HHI platform is a more experimental platform it allowed for more freedom in
specifying the building blocks. This gave an opportunity to realize a design of the
PML with a wider SOA cross section. This allows for reduction of the SOA length
while keeping the pulse energy sufficiently high. The advantage is a reduction in
self-phase modulation due to the shortening of the SOA. This is similar to the
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principle used in modelocked semiconductor disk lasers. However, due to delays in
fabrication results from this work could not be presented in this thesis.
Thus, in the case of a generic foundry the way to bring an improvement of the
performance of PMLs is to modify their geometry. The active-passive integration
technology allows one to create laser cavities in large number of geometry variants.
This design freedom can be used to try to overcome the issues encountered in the
standard two-section PML. First of all this technology allows for a decoupling of the
length of the SOA and that of the SA from the resonator length by including a
passive waveguide in the laser cavity. This helps to reduce the issue of amplitude
modulations [49] and self-phase modulation as observed in all-active two-section
devices. Since, the passive waveguides provide low-loss light propagation, the
repetition rates of the PMLL can be varied in a wide range simply by including such
a passive section in the cavity. The laser which includes a passive waveguide in the
cavity is called an extended cavity laser. Another advantage of this technology is
that the relative position of the SA and SOA and output coupler in the cavity can be
optimized, e.g. to control the relative power in the two directions in a ring cavity
[52]. In addition, more advanced PMLL designs can be created by including various
optical components into the cavity such as phase modulators [53], array-waveguide
gratings and intracavity filters [54], [55]. In this thesis we present a series of designs
in which the advantage of the active-passive integration is used. The first four
chapters describe PML geometries which allow for an improvement of the laser
performance and for tunability of the output properties. In Chapter 6 we present
experimental and theoretical investigations of dynamic properties of an SOA, which
allows for optimization and verification of theoretical models. The last Chapter
describes the library of PMLs that were designed in three generic integration
platforms. A more detailed description of the content of the chapters is presented
below.
In the Chapter 2 of the thesis we present a ring extended cavity PML which is
realized in colliding pulse geometry. The characterization of this 20 GHz ring PML
fabricated in the COBRA InP integration platform is presented. A record optical
bandwidth of 11.5 nm measured at 3 dB level was demonstrated. The phase relation
between individual longitudinal modes were measured using a stepped-heterodyne
technique and the pulse profile was reconstructed. The reconstructed pulse had a
duration of 900 fs. In the second part of Chapter 2 we present ring PMLs realized in
the Oclaro InP generic integration platform. The ring PMLs with 16, 17.7 and
20 GHz repetition rates were studied for various operating conditions and good
quality frequency combs were demonstrated.
The Chapter 3 describes a theoretical study of a ring colliding pulse PML with an
intra-cavity gain-flattening filter and mask designs of these PMLs. The filter is based
11
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on a Mach-Zehnder interferometer (MZI). We show that the use of such MZI filters
allows one to increase the number of longitudinal modes which form the pulse and
therefore decrease the pulse duration. The lowest achieved pulse duration in the
simulations was 500 fs. A simple algorithm for calculating the optimum values of
the MZI parameters is presented and verified. The optimum parameters are then
used in the study of an MZI passive-mode-locked laser under various operating
conditions.
In Chapter 4 and Chapter 5 PMLs with a linear cavity geometries are studied. In the
first, a 7.5 GHz PML with broadband multimode interference reflectors (MIRs) is
presented. The laser was designed for operation in two configurations. The first
configuration is where the SA is located next to the output coupler, the so-called
anti-colliding pulse mode-locking (ACPML) scheme. The second is where the SA is
next to the high reflectance mirror, the self-colliding pulse mode-locking (SCPML)
scheme. The theoretical prediction [56], that states that the ACPML scheme
provides better pulse quality, was verified experimentally. The experimental results
show that the ACPML scheme allows for a more deeply saturated SA due to the
increase of optical power in the SA. It was shown that for a wide range of operating
conditions the pulse duration and RF linewidth is decreased in the ACPML
configuration.
In Chapter 5 a wavelength tuneable 7.5 GHz PML realized in the ACPML scheme is
presented. The performance of this PML was studied under various operating
conditions. A tuning range of 9 nm is achieved by applying current on the
distributed Bragg reflector (DBR) section. We demonstrate that the performance of
the PML can be improved by tuning the optical spectrum towards shorter
wavelength. The tuning leads to increased absorption of the SA, which results in a
reduction of the pulse duration and a reduction of the RF linewidth of a fundamental
beat tone produced on a fast photodiode.
In Chapter 6 numerical and experimental investigations of an SOA from the Oclaro
platform are presented. The carrier lifetime in an SOA and the self-phase modulation
effects when a short optical pulse propagates through the SOA were studied. Two
travelling-wave models (PICwave and FreeTWM) used for the simulation of the
SOA were verified. The carrier lifetime data were used to optimize the carrier
recombination parameters in the simulation packages. Measurements of the
distortion of the optical spectrum of a picosecond pulse after the propagation
through the SOA were performed for a range of input powers. After optimization of
the alpha-parameter and spontaneous recombination parameters, agreement between
both models and experiment was achieved.
In the Chapter 7 we present a library of PMLs. The library includes not just the
lasers described above but a more wide range of PMLs that have been fabricated
12

using the Oclaro, Smart Photonics or HHI platforms. Descriptions of the PML
designs, PML mask layouts and software that allows for the simulation of PMLs is
presented.
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Chapter 2.

Extended cavity ring passively mode-locked

lasers
In this Chapter, passively mode-locked lasers (PMLs) are presented that have an
integrated extended ring cavity configuration. The PMLs are fabricated on InP with
quantum well based gain and absorber structures. The experimental study includes
detailed characterization of ring colliding-pulse PMLs realized in two different
active-passive technology platforms: the COBRA and Oclaro photonic integration
platforms. The PML realized in the COBRA platform showed a wide range of
operating parameters for mode-locking, a record 3 dB optical bandwidth of 11.5 nm
and sub picosecond pulse generation. Three ring colliding pulse PMLs of 16, 17.7
and 20 GHz were realized in the Oclaro technology platform. The PMLs
performance at the range of operating conditions was studied.

2.1. Introduction
We present a study of ring extended cavity mode-locked lasers realized in a
colliding-pulse configuration. In this configuration two pulses propagate in the
cavity in opposite directions and collide in the SA, saturating it simultaneously. In
ring resonators due to the less saturated gain the colliding pulse configuration allows
for a stable sub-picosecond optical pulse generation [57]. In the linear lasers the
colliding mode-locking can be achieved by placing the SA in the middle or at the
distance from the reflector equal to an integer fraction of the cavity length [58], [21],
[59]. However colliding pulse mode-locking in linear lasers is sensitive to any
mismatch of the position of the SA inside the cavity. This is the opposite situation
for the case of the ring colliding-pulse designs where the SA can be positioned
freely as long as both pulses experience similar amplification. The other reason for
using the ring configuration is that the repetition rate, which is determined by the
length of the cavity, can be controlled more accurately than that of a Fabry-Perot
type laser with cleaved facets.
In this Chapter we present the design and experimental characterization of the PMLs
realized in two different active-passive integration platforms: COBRA and Oclaro.
PMLs in both platforms were realized in a ring colliding pulse mode-locking
configuration. The record 3 dB optical bandwidth of 11.5 nm and subpicosecond
pulse generation was demonstrated with the COBRA PML. The study of Oclaro ring
PMLs includes characterization of the lasers with three repetition rates, realized
using the same topology but with different cavity and SOAs length. In this work we
investigate the performance of these PMLs for various operating conditions in order
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to use them in short-pulse laser modelling development for the active-passive
integration platform.

2.2. 20 GHz integrated ring passively mode-locked laser
fabricated in COBRA platform
In this section, we present the detailed characterization of a semiconductor ring PML
with a 20 GHz repetition rate that was realized in COBRA integration platform.
Various dynamical regimes as a function of operating conditions were explored in
the spectral and time domain.
2.2.1. Mode-locked ring laser geometry
The quality of PML performance strongly depends on the geometrical properties of
the laser components, in particular the lengths of the SA and SOA. In [60] it was
shown theoretically that optimal mode-locking in terms of optical comb and pulse
duration can be achieved only in a limited range of ratios between the SOA and SA
length. Previously [52] an integrated extended cavity symmetrical ring
semiconductor PML fabricated within COBRA active-passive integration platform
was demonstrated by our group. However, its pulse duration was in the order of 34 ps and optical comb bandwidth didn’t exceed 3 nm. In this work we present the
characterization results of a ring semiconductor PML with an increased length of the
SA. The configuration of the 20 GHz ring PML studied in this section is shown in
Fig. 2.1. The total length of the cavity is 4 mm.
ISO
SOA
SA
MMI

Fig. 2.1. (Top) Mask layout of a symmetrical ring PML. SOA – semiconductor optical amplifier, SA - saturable
absorber, ISO – two electrical isolation sections (shown in green), MMI - multimode interference coupler, AR –
anti-reflection coating. The total length of the cavity was 4 mm. (Bottom) Photo of the fabricated PML.

The device was fabricated using an InP generic integration technology platform. The
platform uses shallowly and deeply etched ridge waveguides that are 2.0 and 1.5 µm
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wide respectively and butt-joint technology with one regrowth step and one
overgrowth step to achieve the active-passive integration [61]. The propagating
losses in deeply etched waveguides are 4 dB/cm and for shallowly etched
waveguides are 3 dB/cm [22]. The losses at an active-passive interface are 0.19 dB
[62]. The layer stack has a 500 nm thick InGaAsP Q=1.25 waveguiding layer. The
wafer included predefined areas containing an active core with four InGaAs
quantum wells (QW) and 20 nm barriers in between. Therefore the SOA and the SA
sections had to be located inside such an area, whereas passive components must be
placed outside of it. The chip was fabricated within a multiproject wafer (MPW) run
at COBRA through the Jeppix foundry coordinator [50]. The 4 mm long laser cavity
(Fig. 2.1) includes two 345 µm long SOA sections and a 30 µm saturable absorber
section which are separated by two 15 µm isolation sections, a multi-mode
interference coupler (MMI) and passive waveguides. The MMI and the bends at
both sides of the ring are deeply etched waveguides, all other sections are shallow
ridge waveguides. In order to provide carriers for both SOA sections using a single
bias current source the contacts of the two SOA sections share a single metal
electrode. An MMI coupler provides 3 dB out-coupling in both directions, which
allows for equal power distribution among the two-counter propagating pulses. The
relative position of the SOAs and SA was designed such that both pulses will
experience the same amplification and meet in the SA. In order to minimize possible
back reflections coming from the edges of the chip the output waveguides were
positioned at 7 with respect to the cleaved and AR-coated facets. The intra cavity
reflections were reduced by using angled active-passive interfaces, adiabatic bends,
an optimized MMI structure and deep to shallow waveguide transitions. Compared
to the device presented in [52], the laser presented in this section includes a SA
section that is 10 µm longer. The use of a longer SA allows for reduction of risk of
the chip getting damaged due to the high Joule heating in the reversely biased SA
generated by the photocurrent. Therefore the laser can be operated over an extended
range of operating conditions.
2.2.2.

Optical coherent comb

The device was mounted on a temperature-controlled copper chuck which was used
to keep the temperature at 18° C during the measurements. Fig. 2.2 shows the
schematic of the setup which was used for characterization of mode-locked lasers.
Light from both outputs was collected using lensed fibers with antireflection
coating. Optical isolators were used to prevent back reflections into the laser cavity.
The performance of the PML was investigated in three ways: by observation of
optical spectra which show the comb of the longitudinal modes simultaneously
existing in the cavity, measurement of RF beat signals of these modes on a fast
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photodiode and observation of the time domain second harmonic autocorrelation
intensity profile using an autocorrelator in a background free configuration.

Fig. 2.2. Schematic of the experimental setup used for characterization of mode-locked lasers.

The optical spectra were measured using a high resolution (20 MHz) optical
spectrum analyzer (OSA). The RF tones were produced on a 55 GHz photodiode
(PD) and were recorded by a 50 GHz bandwidth electrical spectrum analyzer (ESA).
In order to investigate the laser performance in time domain autocorrelation traces
were recorded. Due to the low output power the signal was first amplified by a low
noise erbium doped fiber amplifier (EDFA) and then sent through the polarisation
controller (PC) to autocorrelator. The influence of EDFA on output signal is
discussed later.
The laser was operated by reverse biasing the SA and forward biasing the SOA
sections. In [54], [60] it was shown theoretically that the performance of a modelocked laser is very sensitive to many factors such as recovery time of the SA and
SOA, gain bandwidth and the relative shift between absorption and amplification
spectra, which varies for different operating conditions. In order to investigate and to
find the conditions for optimal passively mode-locked operation, the laser was
characterized over a wide range of SA voltages and SOA injected currents.
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Fig. 2.3. A map of the spectral bandwidth measured at 3 dB (a) and 10dB (b) level as a function of biasing
conditions applied to the SOA and SA sections. Numbers indicate operating points at which the output pulses were
characterized in detail.

The configuration of output waveguides allowed for the signal to be collected from
both facets. In the mode-locking range of operating conditions the signals from both
directions show similar performance in terms of coupled optical power, distribution
of optical modes and RF spectrum. At the high current levels the laser entered a
unidirectional CW state. All results presented below were obtained for the signal
collected from the same facet. Fig. 2.3 shows maps of the width of the optical
spectrum at 3 dB (a) and 10 dB (b) level as a function of bias conditions. Due to the
changes in the shape of optical spectra with bias conditions Fig. 2.3 (b) shows a
more homogeneous distribution of the bandwidth over the bias conditions compared
to the one presented in Fig. 2.3 (a). Reshaping of the optical spectrum also leads to
the variation of the wavelength which corresponds to the maximum optical power.
However sudden jumps of the optical spectrum as it was reported in [63] were not
observed.
RF spectra have been recorded for the same operating points as were used in optical
spectra measurements. Fig. 2.4 (a, b) shows examples of full span RF spectra for
various operating regimes. The RF spectrum in Fig. 2.4 (a) shows a clear peak at the
fundamental frequency 20 GHz, which corresponds to the roundtrip time and second
harmonic at 40 GHz. Fig. 2.4 (c, d) present in detail the RF spectra around the
fundamental frequency when mode-locking is occurring. Fig. 2.4 (c) shows a RF
peak with 1.6 MHz 10 dB linewidth. Assuming a Lorentzian shape of the RF peak
the 3 dB level width is 480 kHz, which is wider than state of the art number. In [64]
3 dB linewidth of 1.7 kHz of the RF peak at fundamental frequency at 4.83 GHz was
achieved in an integrated III-V on silicon mode-locked laser based on quantum
wells.
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Fig. 2.4 (d) shows an example when amplitude modulations are present. The 10 dB
linewidth in this case is 7 MHz. The electrical spectrum recorded at IBIAS=166 mA
and USA=-3.8 V shows low-frequency components, which are indication of Qswitching instabilities.

Fig. 2.4. Examples of measured RF spectra for various operating regimes. (a) RF spectrum measured at
IBIAS=142 mA and USA=-2.4 V which is in the mode-locking regime. b) RF spectrum measured at IBIAS=166 mA and
USA=-3.8 V. At these bias conditions the laser exhibits Q-switching instabilities. Detailed RF spectra recorded at (c)
IBIAS=108 mA and USA=2.4 V and (d) IBIAS=159 mA and USA=-2.4 V show mode-locking and mode-locking with
amplitude modulations (AM) respectively.

Fig. 2.5 (a) shows a map of the height of the RF peak as a function of IBIAS and USA.
Height of RF peak value was taken as a ratio between the peak at fundamental
frequency 20 GHz and low frequency components as shown in Fig. 2.4 (a, b). In this
case the areas with mode-locking and Q-switching state can be clearly distinguished.
It would be also reasonable to plot the ratio between the RF peak power and the
average optical power. However in our case the output power was not measured for
every operating point. The areas where the peak at 20 GHz was observed clearly are
indicated as the red and dark red colours. Variation in RF peak height can be
explained by differences in output power and by the presence of enhanced low
frequency noise (amplitude modulation). The areas with amplitude modulations
(AM) are indicated by a white dashed line. Notice, that mode-locking with AM was
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also observed near the edge of stable mode-locking at high injected currents. An RF
linewidth in the region of stable mode-locking varies from 1 to 7 MHz at 10 dB
level. In the regions where AMs were observed the linewidth increases up to
40 MHz. The right-top corner of the picture indicates the region of the negative
values (blue). This means that low-frequency spectral components (between 25 MHz
and 3 GHz) are present and exceed the RF peak value at the fundamental frequency.
The laser is then in a passively Q-switched dynamical state. A laser can exhibit Qswitching instabilities when the saturation processes in the gain and the SA are not
balanced within in one roundtrip. In our case Q-switching was observed at relatively
high values of IBIAS and USA. Then the SA becomes fully saturated in the onset of a
pulse while the gain section is not and still has enough carriers to provide further
amplification. The high voltage on the SA makes that the gain in the SOA can
recover to high small-signal gain values before a new pulse is formed.

Fig. 2.5. a) A map of the RF peak height measured at the same set of operating conditions as in Fig. 2.3. Areas
outlined by a dashed white line correspond to the operating conditions range where mode-locking with amplitude
modulation (AM) was observed. (b) Map of the autocorrelation trace full width at half maximum at the same set of
operating conditions as in (a).

As a characteristic of the time domain PML performance the width of the
autocorrelation (AC) trace was used. All time traces were obtained for the same
autocorrelator settings of 50 ps scan range with 260 data points, which correspond to
a 200 fs time resolution in the autocorrelation signal. Fig. 2.5 (b) shows the AC full
width at half maximum (FWHM) as a function of injected current and applied
voltage. Pulse formation was observed in the regions indicated in the contour plot
where the colour indicates the AC FWHM. The shortest pulses (FWHM < 4 ps)
were obtained at the relatively low injected currents (the darkest blue zone) close to
the lasing threshold. A further increase of the current leads to increase of optical
power and therefore increasing self-phase modulation effects due to increasing gain
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saturation in the SOA. Starting from certain current levels in the SOA the AC trace
width values (FWHM) presented in Fig. 2.5 (b) do not show the pulse broadening
which can be attributed to the appearance of satellite pulses.
The widest optical comb was observed at IBIAS=154.8 mA and USA=-2 V and is
presented in Fig. 2.6 (a). This operating point is indicated in Fig. 2.3 (a) with a white
arrow. It features an FWHM bandwidth of 11.5 nm (1.41 THz) and a bandwidth of
17 nm (2.16 THz) when measured at -10 dB. These are record values when
compared to the results obtained from devices with a similar geometry and based on
QW material as presented up to date [55], [65]. The values are comparable to those
reported from quantum dash based lasers [27], [66]. The high resolution of the
optical spectrum analyzer (down to 20 MHz) allowed for measurements of a
linewidth directly from the optical spectrum. The linewidths of modes are
represented as red circles and values are shown on the left axis. In [67] and [68] it
was shown experimentally that in passively mode-locked semiconductor lasers
timing jitter dominates over the carrier envelope phase noise and the optical
linewidth depends on the square of the mode number with the minimum at the
central wavelength. At low current densities (up to approximately 1.5 times the
threshold current) we observe, that the spectral linewidth dependency partly has a
parabolic shape (Fig. 2.7 (f)). The central modes show linewidth values that are
limited at approximately 800 MHz, which is much wider than the linewidth reported
in [55]. The broadening of central modes shown in Fig. 2.6 (a) means that the phases
of these modes are not perfectly locked. Increase of the injection current leads to a
change of dynamic regime which results in the appearance of AM of the pulse train
and linewidth broadening at the central part of the optical spectrum (Fig. 2.6 (a)).
This would indicate a further reduction of the quality of phase locking of the modes
at the center. However, future studies of this effect are required.
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Fig. 2.6. The optical frequency comb recorded at IBIAS=154.8 mA and USA=-2 V with a 3 dB bandwidth of 11.5 nm
(1.41 THz). Red circles represent the linewidth values for each mode. (b) RF spectrum at IBIAS= 154.8 mA and
USA=-2 V: The RF peak shows the fundamental frequency of the 4 mm long cavity. Inset: Broadband RF spectrum
showing low frequency noise components. (c) Autocorrelation trace (blue circles) fitted by sech2 profile (black
curve) at IBIAS=154.8 mA and USA=-2 V.

The electrical spectrum from the photodiode (Fig. 2.6 (b)) at these bias conditions
shows a clear peak at 19.81 GHz. The observed peak had a 40 dB ratio over the low
frequency components and a 2.4 MHz width measured at -10 dB (~800 kHz at
FWHM). Fig. 2.6 (c) presents the AC trace (blue circles) fitted by sech2 (black
curve) at the same injected current and applied voltage. The extracted pulse duration
was 3.8 ps. Notice, that the recorded autocorrelation profile is not in a good
agreement with the fitting curve and the pulse is expected to show a considerable
amount of chirp.

23

Extended cavity ring passively mode-locked lasers

Fig. 2.7. a) Sketch of the setup for the stepped-heterodyne technique. TLS – tunable laser source, PD –
photodetector, RTO – real-time oscilloscope, OSA – optical spectrum analyzer. b) PML neighbouring modes ωn
and ωn+1, TLS mode ωTLS and the offsets between them ,  and -. c) Optical spectrum (blue) in linear scale and
phase (red) measured using stepped-heterodyne method at IBIAS=90 mA and USA=-2 V. d) Optical pulse chirp
(blue) and amplitude (red) profile measured using the stepped-heterodyne method. The RMLL is biased at
IBIAS=90 mA and USA=-2 V. e) Measured AC trace (blue circles) at IBIAS=90 mA and USA=-2 V. AC traces calculated
from the amplitude and phase profile shown in (d) with (black) and without (red) taking into consideration a
dispersion and gain of EDFA used for amplification of the signal during measurements. f) The optical frequency
comb recorded at IBIAS=90 mA and USA=-2 V. Red circles represent the linewidth values for each mode.

In order to characterize the intensity and phase profile of the output pulses in detail a
stepped-heterodyne technique was used. This method was described in [69] and it
allows for the measurement of the amplitude and phase of the pulse in the time
domain without the need of additional amplification and thus without deformation of
the pulse caused by propagation in the erbium doped fiber amplifier.
In this technique the PML optical pulse is combined with the light from a tunable
laser source (TLS). The schematic setup is shown in Fig. 2.7 (a). The beating
frequencies between TLS and two neighbouring laser modes as well as beats of all
PML modes together are generated on the fast photodiode (PD). A real time
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oscilloscope (RTO) with 50 GHz bandwidth was used to record time traces which
include the electromagnetic field amplitude oscillations on beating frequencies ,  and  as shown in Fig. 2.7 (b). In order to retrieve the information of phase and
amplitude, the signals at , - and  are digitally filtered, and signals at  and -
are multiplied together. The phase difference between the component of this
multiplied signal at  and the original filtered signal at  contains the phase
difference information between the two neighbouring modes. By tuning the TLS
across the whole laser output spectrum and by repeating the procedure described
above for each mode a complete phase spectrum can be obtained. The amplitude of
each spectral mode can be extracted from the amplitude of the filtered signal at .
Fig. 2.7 (c) shows the optical comb (blue) in linear scale and phase (red) that were
obtained using the stepped-heterodyne technique at IBIAS = 90 mA and USA= -2 V.
These operating conditions are indicated in Fig. 2.3 (a) as point 1. The spectral phase
shows non-linear distribution over the optical frequency and varies in 3 rad range.
Fig. 2.7 (d) shows the pulse amplitude and chirp profiles calculated from the data
showed in Fig. 2.7 (c). Pulse duration of 900 fs and a chirp of 350 GHz (across the
pulse duration) was observed. It is to be noted that in the obtained graph the central
part of the pulse has a chirp with a linear time dependency which can be
compensated. The calculated group delay required for this is 1.15 ps over a 10 nm
wavelength range. In the case of constant phase distribution over the entire spectrum
the pulse width would be limited only by the spectral shape (the optical spectrum
obtained at the same operating conditions is shown in Fig. 2.7 (f)) and will be
narrowed down to 800 fs.
Since we used a CW tunable laser with 500 kHz line width the signal at  or - can
be also used for calculation of the linewidth of each optical mode. The left axis of
the plot in Fig. 2.7 (f) shows the optical linewidths which were measured using the
high resolution optical spectrum analyzer. These data are in a good agreement with
the linewidths determined using the stepped-heterodyne method described above.
Notice from Fig. 2.7 (f) that the linewidth (red circles) of the spectral modes is on
average lower than the ones presented in Fig. 2.6 (a) obtained at higher injected
currents.
The measurements of pulse amplitude and phase were performed for several
operating points, which are indicated in Fig. 2.3 (a) as numbers from 1 to 6.
Remaining operating points (2 - 6 in Fig. 2.3 (a)) showed longer and more severely
chirped optical pulses in comparison with operating point 1 discussed above.
Obtained pulse durations were 3.59 ps, 3.81 ps, 1.06 ps, 2 ps and 1.62 ps for the
points 2, 3, 4, 5, 6 respectively. However, a chirp compensation can in principle
reduce pulse durations down to 0.82 ps, 0.7 ps, 0.62 ps, 0.58 ps and 0.72 ps for these
points.
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Despite the clear advantages of the stepped-heterodyne method it is not feasible for
characterization of the whole range of the operating conditions. In order to
characterize one operating point a set of time traces with the TLS tuned between
each mode pair in the output spectrum has to be recorded. Each individual time trace
consists of around 2.4 million data points and the whole dataset has to be processed
and analysed off-line, which makes the procedure time consuming.
In Fig. 2.5 (b) we presented experimentally obtained AC FWHM for a wide range of
operating conditions obtained. In order to examine these results, we compare the AC
functions that were calculated using the amplitude shown in Fig. 2.7 (d) with the
measured autocorrelation trace for the same bias conditions. The measured AC time
trace was measured with a 15 ps scan and a 60 fs time resolution. This trace is
presented in Fig. 2.7 (e) with blue circles. The red curve in Fig. 2.7 (e) corresponds
to the calculated background free AC signal using the measured pulse amplitude
profile. The black curve is a calculated AC signal that also includes the additional
phase offsets and the spectrally non-uniform amplification caused by the
propagation through the EDFA. This information was added to each longitudinal
mode pulse amplitude and phase as determined in the stepped heterodyne
measurement. The length of the EDFA fiber was 42 m with 10.8 ps/(nm·km) as the
value of the dispersion parameter [70]. The non-uniform amplification by the EDFA
was measured. Fig. 2.7 (e) shows that the propagation of the optical signal through
the erbium-doped fiber leads to the pulse broadening which results in broadening of
the autocorrelation trace from 1.9 ps to 2.6 ps. The experimental autocorrelation
trace shows 2.3 ps full width at half maximum. Notice that this number differs from
the one shown in Fig. 2.5 (b) at this operating condition. The use of a shorter time
scan range on the autocorrelator allows for a higher resolution and therefore more
precise results.
The FWHM of the recorded AC signal and the AC signal calculated from the
stepped heterodyne measurement are in good agreement with each other. However,
the AC signal obtained from the autocorrelator is more broadened at intensities
below the 50 % level. Such differences in shapes of the AC signal can be explained
by a large range of small changes in the wings of the optical pulse.
2.2.3. Summary
A ring geometry 20 GHz passively mode-locked laser realized as a PIC fabricated
within a generic InP foundry has been demonstrated. The use of the longer SA
section allowed to increase the range of injected currents and applied voltages in
comparison with [52]. In this range of operating conditions a stable mode-locking
region with more than 40 dB height of the RF peak at the fundamental frequency
over the low frequency noise was observed. The laser output showed an optical
bandwidth of up to 11.5 nm and optical pulses down to 900 fs long. The operating
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region for stable mode-locking is surrounded by the areas of mode-locking with
increased low frequency noise. Autocorrelation measurements showed broadening
of the pulse with an increase of injected current, which can be explained by the
increase of self-phase modulation effects. Increase of injected current also leads to
an optical mode broadening. This dynamic regime of the laser needs further
investigation. Q-switching was observed outside these regions of operating
conditions.
In this section we demonstrated an optical coherent comb with a 3 dB bandwidth of
11.5 nm which is the widest reported optical comb for QW based PMLs. Using a
stepped-heterodyne technique the phase and amplitude in the spectral and temporal
domain were obtained at several operating points. The PML has shown a pulse that
was 900 fs wide with a linear chirp over 350 GHz across the central part of the
pulse. The pulse duration was confirmed by the analysis of autocorrelation trace at
the same operating point.

2.3. 16, 17.7 and 20 GHz passively mode-locked lasers
realized in Oclaro platform
In this section we present the design and measurement results of passively modelocked lasers of 16, 18 and 20 GHz repetition rates, which were fabricated within a
multiproject wafer run which was available through the Oclaro foundry service
(Paradigm run 1). Due to fabrication imperfections in this run, waveguides with an
orientation perpendicular to that of the SOAs, i.e. perpendicular to the major flat of
the wafer, exhibit high and variable propagation losses. The 16 and 20 GHz PMLs
were realized on the same monolithic chip.
The realized lasers have an extended cavity colliding-pulse configuration that is
symmetrical. Due to the differences in the length of the cavity length and the length
of the SOA, the lasers operate in different operation conditions range and show
different performance. Initially, these devices with relatively small differences
between them, were made in order to use the results of their characterization to
verify theoretical models.
2.3.1. Ring mode-locked laser geometry
The lasers were realized in a similar geometry as the one presented in Section 2.2.
The cavity included three electrically isolated active sections (SOA, SA and SOA),
which were based on multi-quantum well core, passive deeply-etched waveguides
and 50 % splitting 2x2 MMI, serving as an output coupler. The active sections were
separated with 10 µm long isolation sections, in which the p-contact layer is etched
away. Due to the fabrication restrictions of the minimal length of the active section,
the length of the SA in all three cases was 50 µm. Due to the higher values of
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passive waveguide losses (5-6 dB/cm) and a higher absorption in SA (due to its
length), the SOAs were much longer than those used in COBRA fabricated PML.

2 mm

50 µm
625 µm

625 µm

Fig. 2.8 Mask layout of the 20 GHz ring mode-locked laser fabricated in Oclaro.

The cavity length of 16 GHz PML was 5 mm and the length of each SOA was
875 µm. The length of the 17.7 GHz PML was 4.5 mm and each SOA was 750 µm.
The laser with 20 GHz repetition rate had a 4 mm long cavity and 625 µm long
SOAs. Its mask layout is presented in Fig. 2.8.
The PMLs were fabricated on a monolithic chip which was mounted on a copper
chuck. Its temperature was stabilized to 12o C. The output light was collected using
lensed fibers with antireflection coating. An optical isolator was used to prevent
back reflections into the cavity. The PMLs were operated with a total current ISOA
injected to the SOA sections and a reverse voltage (USA) applied to the SA. The
performance of the lasers were characterized by RF spectra, optical spectra and
autocorrelation trace. The RF spectra were recorded using a 50 GHz electrical
spectrum analyser connected to a fast (55 GHz) photodiode. The optical spectra
were characterized using an optical spectrum analyzer (OSA) with 20 or 100 MHz
spectral resolution. In order to obtain the autocorrelation traces, the optical signal
from the PML went through the polarisation controller and was amplified by a low
noise erbium doped fiber amplifier (EDFA) with a 42 m long fiber.
2.3.2. The ring mode-locked laser with 16 GHz repetition rate
The 16 GHz PML was characterized for the range of applied voltages between
USA = -1.3 V to -2.3 V and injected currents in the range from 10 mA to 50 mA. The
maximum injected current and applied voltage were determined by the maximum
power from the photocurrent in the SA without causing damage. The threshold
current of the laser varied between 24 and 26 mA with increasing USA, due to the
increase of the optical losses caused by the SA with voltage.
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Fig. 2.9. a) Optical spectrum, b) RF spectrum and c) autocorrelation trace of the 16 GHz PML measured at
USA = -1.8V and ISOA = 43 mA. 3dB width of the optical spectrum is 7.92 nm, the RF linewidth measured at 10 dB
level is 1.92 MHz. The half width of the AC trace is 6.65 ps.

The Fig. 2.9 shows the optical spectrum (a), the RF spectrum (b) and an AC trace
(blue circles) fitted by sech2 (red line) measured at USA = -1.8 V and ISOA = 43 mA.
These graphs represent typical examples of the output that can be observed when
mode-locking state is maintained. At these conditions the optical signal features an
optical comb centered at 1547 nm with a FWHM of 7.92 nm. The electrical
spectrum shows a clear peak at 15.99 GHz which corresponds to the roundtrip time.
The peak has a 1.92 MHz linewidth measured at the -10 dB level. FWHM of
autocorrelation trace is 6.7 ps.
The lasing threshold of the PML at -1.8 V applied reverse voltage was observed at
ISOA = 24 mA. Above the threshold and until ISOA = 32 mA the signal recorded by
the OSA shows continuous wave lasing and a multi-mode (MM) regime. In the MM
regime the optical output features several longitudinal modes which are not fully
locked to generate a strong beating signal. At the injected currents above ISOA =
33 mA the device entered a mode-locking regime.
The Fig. 2.10 (a) shows the map of the 10 dB linewidth in the range of ISOA and USA
for this device. The threshold is shown with red line. The grey area indicates the
range of operating conditions where CW or MM regime was established. Modelocking was observed in the region which is represented as a counterplot, where
colours indicate linewidth in MHz. Minimum 10 dB RF linewidth of 247 kHz was
observed at USA = -1.4 V and ISOA = 48 mA. In the mode-locking region increase of
the SOA current leads to the decrease of the repetition rate. The dependency of the
fundamental RF frequency on the SOA current is shown in Fig. 2.10 (b). As it was
described in [5] the repetition frequency is led by a change of detuning due to the
gain/absorber saturation effects. In our case we operate at low injection currents,
where most of the gain section isn’t saturated. According to [5] at unsaturated gain
conditions the repetition frequency decreases with increasing pulse energy.
29

Extended cavity ring passively mode-locked lasers

Fig. 2.10. a) Map of the 10 dB linewidth of the RF peak at the fundamental frequency. b) Fundamental frequency
as a function of the SOA current at USA = -1.6 V. c) Blue curve is peak wavelength on the SOA current at
USA = -1.6 V. Orange curve is dependency of the OS FWHM on the SOA current at the same applied voltage.

The increase of the current also leads to a red shift of the optical spectrum (Fig. 2.10
(c)). The sudden drop of the peak wavelength at 41 mA is related to the reshaping of
the optical comb, where spectral components at the high energy side were increasing
with injected current. Such reshaping can be a result of self-phase modulation effect
of the short pulse propagating through the SOA [71]. The reshaping of the optical
spectrum results in an increase of its FWHM.
A similar evolution of the optical and RF spectrum was observed at other voltages
applied on the SA. The widest optical comb of 7.7 nm was observed at USA = -2.0 V
and ISOA =44 mA.

Fig. 2.11. a) AC FWHM of 16 GHz PML as a function of the SA voltage for 37 mA, 43 mA and 49 mA injected
current. b) AC FWHM as a function of the SOA current at -1.6 V, -1.9 V and 2.2 V applied voltage.

Fig. 2.11 shows the dependency of the width of AC trace on the SA voltage (a) and
on the SOA current (a). As it was observed for the PML described in Section 2.2, an
increase of the SA voltage leads to a reduction of the pulse width, which is attributed
to a reduction of SA recovery time. The current dependency of AC trace FWHM at
USA = -1.6 V shows a broadening of the pulse when the current was increased,
which is attributed to the increase of the SOA gain which allows for the trailing edge
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of the pulse to be amplified and increase of self-phase modulation effect. The
shortest AC width was 5.45 ps at USA = -2.1 V and ISOA = 40 mA.
2.3.3.

The ring mode-locked laser with 17.7 GHz repetition rate

The 17.7 GHz ring PML was characterized at the same conditions and using the
same experimental setup. The lasing threshold was observed to lie between 20 and
22 mA depending on USA. In the range of currents between the threshold and 30 mA
the PML was operating in a CW and MM regime. Typical examples of the results
obtained in the range of operating conditions where mode-locking was observed are
shown in Fig. 2.12. These results were obtained at USA = -1.7 V and ISOA = 39 mA.
Fig. 2.12 (a) shows an optical comb of 3.43 nm wide at 3dB level and centered at
1555 nm. At these bias conditions the fundamental peak in the RF signal was
observed at 17.7756 GHz (Fig. 2.12 (b)). The 10 dB width of the peak is 1 MHz. In
order to confirm pulse formation an AC trace were measured. AC trace for these
operating conditions is shown in Fig. 2.12 (c)). The FWHM of the AC trace
extracted from the fitting is 5.8 ps. Notice that experimental dependency in Fig. 2.12
(c) is not in a good agreement with the fitting curve. The broadening of the wings of
the experimental AC trace indicates the presence of the trailing edge pf the pulse.

Fig. 2.12. a) Optical spectrum (a), electrical spectrum (b) and autocorrelation of the 17.7 GHz PML measured at
USA = -1.7 V and ISOA = 38 mA.

The PML of 17.7 GHz was characterized for the range of SA voltages between -1.5
and -2.4 V. Fig. 2.13 (a) shows the 10 dB linewidth of the fundamental RF peak as a
function of the SOA current and the SA voltage. The red line shows the threshold
current for different SA voltages. The grey area indicates the range of operating
conditions where CW and multimode regime was observed. Minimum 10 dB RF
linewidth of 180 kHz was observed at USA = -1.8 V and ISOA = 36 mA. At higher
injected current two mode-locking regions with a difference of 100 MHz between
their fundamental frequencies were observed. The region where the switching
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between these two regions occurs is indicated with the black line. Fig. 2.13 (b)
shows an evolution of the RF spectrum with current at USA = -1.6 V. In the range of
currents between 35 mA to 38 mA the PML exhibits one fundamental RF tone (1st
peak) which gradually increases from 17.743 to 17.758 GHz. Further increase of the
SOA current leads to the appearance of the second RF peak at 17.84 GHz. Over the
region between 38 to 41 mA both peaks are present. Above 41 mA only a second
peak remains. In several literature reports [72], [73], [74] similar behaviour of
semiconductor PMLs was revealed. These reports are referring to the presence of
two or more groups of longitudinal modes with different spacing which can either
coexist in the cavity or suppress each other depending on operating conditions. In
[72] it was shown that two spectrally separated mutually incoherent combs can
coexist in the cavity in a so-called chimera state. In order to investigate the
coherence between these groups the authors of [72] studied evolution of optical
spectrum of QD PML with injected current and an optical linewidth as a function of
wavelength. Fig. 2.13 (c) shows optical spectra at three SOA currents which
correspond to three regimes where the first RF peak was present (blue), first and
second RF peaks were present simultaneously (red) and only the second RF peak
was present (black). As can be observed in this figure, at all the three SOA currents
the PML produces a single optical comb without splitting into spectral components,
such as was shown in [72]. In [72] the conclusion regarding the coherency between
the spectral components was based on the linewidth dependency on wavelength. It
was assumed that those spectral components which different level of modal
linewidth are not coherent. The loss of coherence between the groups of modes
happens when an abrupt variation of the linewidth with wavelength was observed.
Since we had 20 MHz resolution OSA it was possible to resolve the spectral shape
of the longitudinal modes. For all the three current levels only a gradual change in
the shape of the longitudinal modes over the spectrum was observed. It is therefore
concluded that the spectrum does not include several spectrally separated groups of
modes as mentioned in [72]. Fig. 2.13 (d) shows detailed optical spectra which
reveals typical longitudinal mode measured at 37 mA (blue), 39 mA (red) and 43
mA (black). Noise at the RF frequency was not observed.
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Fig. 2.13. a) Map of the 10 dB linewidth of the RF peak at the fundamental frequency. The threshold current for
the range of the SA voltages is indicated with red line. The grey area represents the range of the operating
conditions where CW and multimode regime was observed. The area where second RF peak appears is indicated
by the black line. b) RF spectrum for the range of the SOA current at fixed U SA = -1.6 V. c) Optical spectra
measured under 37 mA (blue), 39 mA (red) and 40 mA (black) injected currents and U SA = -1.6 V. d) Detailed
spectra which represent one longitudinal mode for the same conditions as in (c).

The shape of the one longitudinal mode at ISOA = 37 mA (blue) is formed by the
narrow component and 15 dB supressed pedestal. When the current is increased to
ISOA = 39 mA the pedestal raises and becomes broader. The relative position
between the narrow component and the pedestal varies over the spectrum, which
points to the formation of two separate groups of modes with different spectral mode
spacing. The beating between the low linewidth modes results in the narrow RF
component at 17.76 GHz (1st peak) and beating between the broad longitudinal
modes gives broad RF signal at higher frequency (second peak). In the range of
current values where only the second peak is present, the optical spectrum becomes
broader and each longitudinal mode becomes broad (approximately 2.5 GHz at 10
dB level). In [72], where a so-called chimera state was observed, the coexistence of
two groups of modes (coherent and incoherent) is explained by the large trailing
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edge plateaux of the pulse, which at high injected currents can become strong
enough to saturate the SA and coexist with the main pulse. Notice, that in our case
the 2nd RF peak appears at low applied voltages. The increase of the SA voltage
leads to the more severe absorption and faster recovery time. This means that due to
the decrease of the temporal window where net gain is still open the trailing edge
plateaux will be supressed. The measurements of the AC trace did not show any sign
of appearance of the second or satellite pulse in the range where second RF peak
was observed.

Fig. 2.14. a) Dependency of AC FWHM on the SA voltage at 36 mA, 41 mA and 48 mA injected current.
b) Dependency of AC FWHM on the SOA current at -1.6 V, -1.8 V and -2.1 V applied voltage.

Observations of the AC trace showed a variation of AC width between 3.7 ps to
15 ps for various operating conditions. Fig. 2.14 (a) shows the dependency of the
width of AC trace extracted from fitting on the voltage applied on the SA at 36 mA,
41 mA and 48 mA SOA current. As expected the AC FWHM decreases with
increasing voltages for all injected currents. A particularly significant reduction of
the AC FWHM value was observed starting from USA = -1.7 V. The current
dependency of the AC FWHM (Fig. 2.14 (b)) shows a significant increase of the
pulse duration with ISOA for low applied voltage (USA = -1.6 V). When the SA
voltage was increased this dependency become nearly flat (red curve) and at SA
voltages above -1.9 V the AC FWHM first decreases and then increases with
injected current (black curve). The minimum of the pulse duration indicates an
optimal balance between gain and SOA saturation.
2.3.4. The ring mode-locked laser with 20 GHz repetition rate
The 20 GHz laser was characterized for the range of applied voltages between
USA = -1.3 V to -2.3 V and injected currents in the range from 10 mA to 50 mA. The
threshold current varied from 20 to 22 mA. Above the threshold conditions the laser
first entered CW and MM regime, after which mode-locking regime was established.
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Fig. 2.15. Optical spectrum (a), electrical spectrum (b) and autocorrelation of the 20 GHz PML measured at
USA = -1.8 V and ISOA = 36 mA

The Fig. 2.15 shows examples of the optical spectrum (a), RF spectrum (b) and
autocorrelation trace (c) which are typical for the passive mode-locking regime.
These data were obtained at USA = -1.9 V and ISOA = 36 mA. At these conditions the
electrical spectrum shows a clear peak at 19.88 GHz. The linewidth measured at 10
dB level is 916 kHz. The signal recorded by the optical spectrum analyser shows a
symmetrical optical comb with an average line spacing defined by the fundamental
RF tone. The optical spectrum is centred at 1555 nm. The 3 dB bandwidth of the
optical spectrum is 4.01 nm. The measurements of the autocorrelation (Fig. 2.15 (c))
trace confirm pulse formation at these operating conditions. The measured trace
(blue circles) is fitted by the sech2 curve. The full width at half maximum (FWHM)
of the optical pulse extracted from the fitting is 3.36 ps. As well as in the case of
17.7 GHz PML (Fig. 2.12 (c)) the experimentally obtained AC is not in a good
agreement with the fitting curve. We expect it is due to the presence of the trailing
edge of the pulse.
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Fig. 2.16. a) Map of the 10 dB linewidth of the RF peak at the fundamental frequency. b) Fundamental frequency
as a function of current at USA = -1.6 V. c) Dependencies of the most intense wavelength and FWHM on the current
at USA = -1.6 V.

Fig. 2.16 (a) shows a map of 10 dB linewidth of the RF peak (in MHz) at the
fundamental frequency as a function of ISOA and USA. The red line indicates the
threshold. The RF peak was observed in the regions which are shown in the
colourmap, where the colourbar indicates the linewidth. The grey area at the low
injected currents indicates the CW and multimode regimes. In the mode-locking
state at the low injected currents the RF peak with a linewidth below 1.5 MHz was
observed (blue region). The narrowest RF peak of 0.5 MHz at 10 dB level was
observed at ISOA = 41 mA, USA = -1.4 V. When the current was increased the RF
peak broadened. Increase of the current also leads to a shift of the fundamental
frequency to lower values. The dark grey region at low applied voltage and high
injection current values indicates the region where a second RF peak, similar to the
one observed in section 2.3.3, was present.
The dependency of the fundamental RF peak frequency at USA = -1.6 V is shown in
Fig. 2.16 (b). A shift of more than 50 MHz was observed. Fig. 2.16 (c) shows the
wavelength of the most intense laser mode (blue) and the FWHM (orange) of the
optical comb as a function of the injected current for USA = -1.6 V. At the lower
SOA current values the PML was operating in the CW or multi-mode regime in the
wavelength range between 1557 to 1559 nm. As the laser entered a mode-locked
state (at 32 mA) the peak wavelength drops down to 1555 nm and then, when the
injected current was increased further, the central wavelength continued to shift
towards shorter wavelength. In the range between 32 and 37 mA, where the
fundamental RF peak with narrow linewidth was observed (blue region in Fig. 2.16
(a)), the optical comb was symmetrically shaped and had a 3 dB width of around
5 nm. An increase of the current leads to the reshaping and broadening of the optical
spectrum as well as broadening of the fundamental RF peak. A similar evolution of
the optical and RF spectrum was observed for the other voltages applied on the SA.
The widest optical comb of 10.6 nm was observed at USA = -2.0 V and ISOA =
47 mA.
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Fig. 2.17. a) AC FWHM as a function of the SA voltage for 36 mA, 40 mA and 42 mA. b) AC FWHM dependency
on the SOA current for -1.5 V, -1.8 V and -2.3 V.

The measurements of the AC trace showed that an increase of the SA voltage leads
to a reduction of pulse duration. The dependency of the AC width values on the SA
voltage for 36 mA, 40 mA and 42 mA of the current injected in the SOA are shown
in Fig. 2.17 (a). Fig. 2.17 (b) shows AC width values as a function of the SOA
current for -1.5 V, 1.8 V and 2.3 V. For USA = -1.5 V the AC FWHM values
increase with the SOA current, whereas for USA = -2.3 V the dependency shows a
pronounced minimum at 35 mA where the AC FWHM is 2.77 ps.
2.3.5. Summary and conclusions
Three PMLs, with 16 GHz, 18 GHz and 20 GHz repetition rate, realized as a PIC
were demonstrated. Mode-locking regimes for a range of operating conditions was
observed with all the three PMLs.
Even though the three lasers had a very similar structure, several differences were
observed. The lowest lasing threshold current as well as widest range of modelocking region was observed at 20 GHz PML. This can be explained by the fact that
20 GHz PML has the shortest cavity of all other PMLs and therefore in this laser the
optical signal undergoes lower intracavity loss. The 20 GHz PML has the shortest
SOA of the three PMLs, which means that the distortion of the pulse due to the selfphase modulation effect is reduced in comparison to the other PMLs. The 20 GHz
PML also showed the broadest optical comb of 10.66 nm, whereas the maximum
OC FWHM of the 17.7 GHz laser was 8.8 nm and 7.7 nm for the 16 GHz PML. The
20 GHz laser showed a superior performance also in terms of temporal
characteristics. The AC width in this case varied from 2.77 to 8 ps over the range of
operating conditions. The 17.7 GHz laser showed AC width values in the range
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between 3.7 ps and 15 ps and the 16 GHz PML had AC width between 4 ps and
13 ps.
Moreover, observation of the RF spectra showed that in the 20 GHz PML the RF
peak linewidth is decreased for a wide range of values for the current injected in the
SOA and voltages applied on the SA. In the 17.7 and 16 GHz lasers operating
regions with low RF linewidth were also observed, however these are fragmented
operating regions. This is less favourable for applications compared to a noninterrupted and wider stable mode-locking range.
In the 17.7 GHz laser, mode-locking regions with two different fundamental
frequencies were observed at the SA voltages between -1.5 and -2.1 V and high
injection current levels. Such behaviour can be the result of possible feedback from
the chip facet. However to substantiate this further investigation would be required.
This laser was fabricated on the different chip as the 16 and 20 GHz. We expect that
such differences in behaviour between 17.7 and other two PML could come from
different waveguide losses or possible intracavity reflections.
For all the three PMLs, a blue shift of the optical output spectrum with increasing
current was observed. This shift is related to the shift of the peak wavelength of the
gain spectrum towards higher energy when the injection current is increased. An
increase of the SOA current in these devices also leads to a decrease of the RF beat
note down to 100 MHz in the range of applied current, which according to [75]
would indicate that the SOA is not yet fully saturated by the optical pulse.
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Chapter 3.

Ring mode-locked lasers with intracavity
filter based on Mach-Zehnder interferometer

In this work we theoretically study the impact of an intra-cavity filter based on an
unbalanced Mach-Zehnder interferometer (MZI) on the pulses emitted by
InGaAsP/InP passively mode-locked quantum well ring lasers. The filter allows for
control of the net gain curvature in the device, hereby providing increased control
over the number of modes that participate in the laser dynamics. Simulations of a
Traveling-Wave Model indicate that the pulse width can be controlled and reduced
down to 500 fs. We present and verify a simple algorithm which can be used for
calculating the optimum values of the MZI parameters. The optimum parameters are
then used in the study of an MZI passive-mode-locked laser under various operating
conditions. In addition we present designs of passive mode-locked lasers with a
tunable MZI filter that were realized in three active-passive technology platforms.

3.1. Introduction
As it was shown in [37] the performance of passive mode-locked lasers (PMLs)
depends on the ratio of the saturation energies of the gain and of the saturable
absorber (SA), on the available gain bandwidth and on the total cavity losses.
Therefore in order to improve the performance of the PML some of these parameters
have to be adjusted. For instance, it was shown that the pulse width can be reduced
by the increasing the field intensity profile in the SA [76] thereby modifying the
effective saturation energies of the absorber.
In [77] it was demonstrated that the optical bandwidth of a ring mode-locked laser
can be significantly broadened by including an intra-cavity integrated frequency
dependent filter. This filter was an asymmetrical Mach-Zehnder interferometer
(MZI) and its purpose was to flatten the gain spectrum. The gain curvature flattening
can be obtained by judiciously tuning both the amplitude and the free spectral range
of the MZI. In [78] by the same group it was experimentally demonstrated that also
the pulse characteristics of a PML can be significantly improved by this gain
spectrum flattening technique. A bandwidth of over 2 THz at the -10 dB power level
and a 620 fs pulse width were demonstrated. The studies in [77] and [78] were
focused on the experimental characteristics such as the optical output spectrum and
the pulse duration obtained at a single fixed SOA injection current level and applied
SA voltage. However PML output properties vary significantly over its operating
conditions. A theoretical steady state analysis of the effect of the MZI in the laser
cavity was presented. Such an analysis does not include any laser dynamics.
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In this work we present a theoretical study using traveling wave simulations of how
the dynamic regimes of a PML with an intracavity asymmetrical MZI depend on the
MZI parameters. The MZI will be described by three parameters. The period is
determined by the fixed path length difference between the two arms in the MZI.
The modulation depth is determined by the power ratio in the arms and the precise
tuning of the MZI is determined by an additional variable phase difference of 0 - 2 π
between the two arms. In order to improve the characteristics of a PML, the optimal
parameters of the MZI should be determined. E.g. using a large modulation depth
and a large modulation period introduces large additional losses in the cavity. These
losses will reduce the energy of the field in the laser and this will adversely affect
the pulse width if they are too high. Too fast a modulation period of the MZI leads
to the appearance of ripples on the gain profile which will prevent proper
modelocked operation. We study the performance of a self-colliding ring
InP/InGaAsP mode-locked laser with an intra-cavity MZI filter as a function of the
various MZI parameters and present and validate a simple method for determining
the optimum MZI parameters.
The Chapter is organized as follows: in section 3.2, we briefly summarize our
spatially resolved Traveling Wave Model and we detail the device design. In Section
3.3, we explain our methodology for optimizing the MZI. We also present major
features of the PML dynamics by performing simulations over a wide range of bias
currents. We point out the limitations of our approach and we will present the
algorithm for calculating optimized design parameters of the MZI. Using these
calculated parameters we show PML performance dependency on the current
injected in SOA. In section 3.4 we present designs of PML with MZI realized in
different operating platforms. The conclusions are given in Section 3.5.

3.2. Model and simulated device
3.2.1. Model
We assume single-transverse mode waveguides, and we use the traveling wave
model (TWM) developed in [79]---which we summarize below--- for determining
the dynamics and spatial distribution of the slowly varying amplitudes [80] of the
Clockwise and Counter-Clockwise fields, E  z, t 

E± (z, t) of a quasi-

monochromatic TE field. By performing the slowly varying approximation around
the optical carrier (ω 0, q 0) one obtain the following model equation

 t   z  E  z, t   iP  z, t   i E  z, t  ,
t D0  z, t   J  R  D0   i  P E  P E  c.c. ,
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For convenience purposes we have scaled space and time to the cavity length L and
to the photon transit time τ c = L ⁄ υ g , respectively. P ± are the projections of the total
polarization at (z, t ) onto the forward and backward propagation directions. They are
obtained by a coarse graining procedure that consists in averaging the polarization
over a few wavelength [80]. We use the natural convention in which the gain is
given by − Im{P ± ⁄ E ±} and the index of refraction by Re{P ± ⁄ E ±}. The scaled
internal losses for the field amplitudes are α. The total carrier density is normalized
to the transparency N t and decomposed as:

D( z, t )  D0 ( z, t )  [ D2 ( z, t )e2iq0 z  D 2 ( z, t )e 2iq0 z ],

(3.5)

where D 0(z, t) is the quasi-homogeneous component and D + 2(z, t) = D − 2⋆(z, t) is
the weak grating component arising from the standing wave effects in the system,
the so-called spatial hole burning. J is the current density injected per unit time
normalized to N t and the recombination term includes the usual non radiative (A),
bi-molecular (B) and Auger (C) recombination terms. The coefficient B and C are
normalized to N t and N 2 t , respectively. The differential carrier recovery rate is
R’(D) = dR ⁄ dD. The ambipolar diffusion coefficient is D and it is assumed
sufficiently large to ensure that |D 2|≪D 0 to justify the perturbative treatment of the
standing wave population grating, i.e. the neglecting of the higher order harmonics
in Eq. (3.5).
The macroscopic polarization P after approximations described in [81], [60] is given
by the convolution of the response kernel with the optical field as:

(id 2 ) 
P(t ) 
dsR(s, t  s) E (t  s ),
 W 2 0

(3.6)
where d is dipole moment and W is QW width. The convolution kernel R(s, t) is
composed of three contributions

R ( s, t )  I c ( s , t )  I v ( s , t )  I 0  s  .

(3.7)

The term I 0(s) represents the contribution of the empty bands and reads as:

I0  s  

m (1  eiT s )
,
is

(3.8)

where ΩT is the maximal energy of the allowed transitions within the band. The first
and second term in the Eq. (3.7) describe the contributions of the electrons and holes
to the optical response at finite temperature and are given by
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Ic, v
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1  exp   Ec , v  k   FN , H  t  







(3.9)
where β is inverse of the thermal energy k B T and F N and F H correspond to the timedependent quasi-Fermi levels for the electrons and holes respectively, which are
related to the instantaneous densities of electrons and holes by
N n , h  Nt 0

1  exp    FN , H  t  
 c, v 
ln 

 exp    Ec , v  K   exp    FN ,


H t 


,



(3.10)

where

 c, v 

kB mc , v
m
, Nt 0 
.
T m
W

(3.11)

γ c, v represent the effective thermal broadening of the electrons and holes, which
depend on the electron and hole masses m c, v and on the temperature T. N t 0 denotes
the transparency carrier density at zero temperature.
Symbol

Value

λ0
ng
τg
τa
τ MZ
δ
x2
R

1.55
3.6
6.05
0.40
37.2

2α i
2χ0
ΩT
γ
γc
γv
N t0

Units
Meaning
Waveguide Parameters
Emission wavelength
μm
-

Effective group index

ps

Amplifier transit time

ps

Absorber transit time

ps

MZI section transit time

0.1 to 1

ps

MZI extra section transit time

1 to 15 %

-

MZI power splitting

0.02

-

SOA/SA interface reflectivity

Active Material Parameters
Internal losses
cm − 1

15
424
cm − 1
THz
400
THz
5
THz
50
THz
250
18
1 × 10
cm − 3

Saturated gain factor
Empty band contribution
Polarization decay rate
Electron thermal broadening
Hole thermal broadening
Transparency Carrier Density
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D

A
B
C
Jt
τ SA

12
cm2s − 1 Ambipolar diffusion coefficient
Non radiative recombination
1 × 108 s − 1
7 × 10 − 10 cm3s − 1 Spontaneous recombination
Auger recombination
1 × 10 − 29 cm6s − 1
8
3 −1
Transparency current
8.1 × 10 cm s
10

ps

Absorber recovery time

Tab. 3.1. Table of the parameters used in the active sections.

Our parameters are summarized in Tab. 3.1. The parameters of the SOA section (α,
γ, χ0, N 0) were confirmed by gain measurements of a InGaAsP/InP quantum well
based SOA. The recombination coefficients A, B,C represent the case of
InGaAsP/InP material [82]. The SA works in the regime of slow saturation, thus the
relaxation time τ SA of the SA must be taken longer than the pulse duration and
shorter than roundtrip time. The SA used in the simulation has 10 ps recovery time.
Eqs. ((3.1) - (3.4)) have to be solved with the appropriate boundary conditions that
connect active sections with the MZI. For the sake of simplicity we assume perfect
transmission at each of the facets. However, such a perfectly transmitting device
would be unrealistic in the sense that only unidirectional mode-locking would occur
stable. Since this regime is very unstable against any residual reflectivity, we assume
that both left and right SOA/SA interfaces have a residual field reflectivity R.
3.2.2. Device geometry
The colliding pulse mode-locked laser (CPML) design has been known for allowing
extremely short pulses at repetition rates as high as 350 GHz in the 1550 nm window
as discussed in [57]. Here, we present simulations of CPML at 20 GHz with pulsewidths as short as 499 fs under the best mode locking conditions with optimized
device parameters.
The cavity of the simulated ring mode-locked laser has a length 2.08 mm with two
500 μm SOAs, one 30 μm SA and a passive section of 3.07 mm. The effective group
index is set at 3.6, hence the fundamental repetition rate is 20 GHz and the cavity
roundtrip τ =50 ps. These parameters are based on a laser design without intra-cavity
filter that has been realized and operated successfully. The cavity length is also close
to the shortest cavity that can accommodate a realistic MZI structure. The other
parameters that were used in the simulation and their origin can be found in
Tab. 3.1.
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Fig. 3.1. Diagram of the simulated PML indicating the relative position of the SA, SOA and passive waveguide
section as well as the MZI and the parameters that describe the MZI.

One can then replace the long passive section by an intracavity MZI filter which has
two arms with a fixed path length difference inducing a time delay δ, a power
splitting ratio x 2 over the two arms and a variable phase φ in the lower arm.
Describing the filter as a function of these three variables allows for easy
manipulation of the period, amplitude and phase of the modulation. The diagram of
the simulated ring mode-locked laser with MZI is shown on Fig. 3.1. The fields
from the opposite sites of MZI can be linked as:







E (t ) 1  x 2 E  t   MZ x 2 E  t   MZ    ei ei ,

where τ is the time transit along the shortest branch of MZI and  

(3.12)

2 c
 MZ is the
ng 0

global phase acquired while traversing the MZI. E±(t) and E ±(t - τ MZ ) are fields after
and before propagating through the filter.

3.3. Simulation of the ring PMLs
3.3.1. Mode-locking dynamics
Different operational regimes of the PML can be observed when varying the
injection current I in the gain section and the reverse bias voltage applied to the SA.
In order to analyze the influence of the intra-cavity filter presence on the PML
performance the parameter boundaries of the various operational regimes without
the filter should be determined first. This can be done easily in the model by setting
the power splitting x 2 in the MZI filter to 0. The condition x = 0 makes the pulse
propagate only into the one arm which makes the configuration of the laser identical
to that without intracavity filter. The performance of the PML can be characterized
either in time-domain by analyzing the time dependency of the output signal or in
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the frequency domain e.g. by observing and analyzing optical and RF spectral
components. In this work the performance of the PML is described using the
following parameters: the pulse width τ p , the optical spectrum full-width at the half
maximum ν fwhm , the central frequency of the optical spectrum with respect to the
bandgap of the gain section < ν > , the time-bandwidth product (TBP) and the pulse
peak power. However, these parameters are mainly suitable for a description of the
mode-locking regime in steady situation. Therefore in order to meaningfully
describe other regimes of the PML as for instance Q-switch and instable PML
regimes, the height of the RF peak (in dB) normalized to the DC value is also
presented.

Fig. 3.2. The pulse width (a), width of the optical spectrum (b), the average deviation of the central optical
frequency (c), TBP (d), RF peak height (e) and average peak intensity (f) as a function of current for x = 0.

In Fig. 3.2 the simulation results are presented of the configuration with x = 0 under
fixed reverse bias voltage (represented by a fixed value of the absorber recovery
time) and a varying injection current starting from the lasing threshold value (J th ). In
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the range of currents between J th and 3.1 J th generation of the stable pulse train is
observed in the simulations. Inside this region the quality of the pulses and optical
spectrum improves proportionally to the injected current. This improvement is
caused by the broadening of the gain spectrum with injected current and thus the
introduction of more longitudinal modes which participate in the laser pulse
formation. The increase of the injected current also leads to the blue shift of the gain
spectrum which results in a gradual shifting of the laser central frequency (Fig. 3.2
(c)). The stability of the optical pulses amplitude is indicated together with the data
on the average peak intensity dependency in Fig. 3.2, where dotted lines represent
the maximum and minimum values of the peak intensities of the laser pulses. At the
currents above 3.1 J th the cavity gain becomes high enough to provide more than
one pulse per round trip and satellite pulses start to appear. The energy of the
satellite pulses increases with injected current and leads to destabilization of the
pulse train and appearance of the low frequency components in electrical spectrum.
Fig. 3.2 (f) and Fig. 3.2 (e) show a wide spread for the pulse peak intensities and a
corresponding decrease of the height of the fundamental RF peak. A further increase
of the injected current leads to the establishment of a harmonic mode-locking
regime, where two stable short optical pulses are circulating in the laser cavity.
3.3.2. Mode-locking regimes with MZI filter
In this section we examine the influence of the gain-flattening filter on the
performance of the mode-locked laser. Simulations of the MLL were performed at
the fixed injected current of 2.2 J th . This value was chosen to be well above the
threshold in order to compensate the possible losses introduced by the MZI and far
away from the current at which instability starts to appear. As mentioned above the
improvement in the PML performance can be achieved when all three parameters of
MZI are properly chosen. In this section we present the simulation results of a PML
with MZI at various combinations of δ, φ, and x. The typical gain bandwidth of an
InGaAsP QW based active section covers around 50 nm, hence, in order to flatten
the gain curvature the MZI period should be chosen around this value. However, the
PML performance is a trade-off between the number of phase-locked modes and the
net gain per roundtrip. In this section we will show the results of the PML
simulations with a relatively large period and a high modulation amplitude of the
MZI (δ = 250 fs) as well as a relatively small period (δ = 1 ps) and lower
modulation depth. Depending on the position of the modulation minimum the gain
spectrum can be either broadened or narrowed. Fig. 3.3 shows an example of the
PML characteristics as a function of the MZI phase, i.e. the spectral position of the
minimum transmission of the filter. The shown curves were obtained for the MZI
path length difference δ = 250 fs, which corresponds to a modulation period of
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around 30 nm, and three values of the amplitude balance in the arms (x = 0.1, 0.2,
0.3).
For all MZI amplitudes (Fig. 3.3 (a)) the pulse width as a function of φ has two
extreme values: a maximum value occurs when the MZI filter works as a gainnarrowing filter and a minimum occurs when the filter provides gain-flattening.

Fig. 3.3. Pulse width (a), width of the optical spectrum (b), central optical frequency with respect to the bandgap of
the gain section (c), time-bandwidth product (d), average output intensity (e) as a function of φ for various x, fixed
δ = 250 fs and injection current 2.2 Jth The lower panel of plots represents RF spectra (f), pulse shapes in time (g),
MZI transmission (red curves) and output optical spectra (h) for two different values of φ corresponding to the
largest (upper case) and lowest time-bandwidth product for x = 0.3.

Fig. 3.3 (b) shows that the phase of the minimal pulse width corresponds to the
widest frequency comb and vice versa. Notice that the largest changes in the spectral
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and time characteristics are observed at the highest MZI modulation depth (green
curve x = 0.3). The MZI phase change leads to the central frequency shift, which is
more significant for the higher amplitudes (values of x). The average output
intensity dependencies on φ are given in Fig. 3.3 (e). According to this graph the
output intensity is reduced most at the phase which provides the broadest optical
spectrum. At this phase the intracavity losses are highest. Notice that the output
intensity change is more dramatic for the deepest MZI modulation, e.g. x = 0.3. The
use of an MZI with x above 0.3 leads to a minimum in the gain spectrum at the point
of minimum transmission of the filter. This prevents mode-locking. Fig. 3.3 (d)
shows the dependency of the TBP on the phase. Interestingly, the position of the
maximum and minimum are slightly shifted with respect to the maximum and
minimum of τ p and ν fwhm . Fig. 3.3 (f, g, h) displays the RF spectra, pulse shapes and
optical spectra for the highest and lowest TBP values. At both conditions the RF
spectrum shows a clear peak at 20 GHz which corresponds to the roundtrip time and
output signal shows stable mode-locked operation. One can thus consider to use the
possibility to vary the pulse and spectral width by tuning the phase of the MZI. The
maximum and minimum achieved for the pulse duration τ p was 1.18 and 0.63 ps
respectively. The corresponding optical widths were 0.65 THz and 1.2 THz.
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Fig. 3.4. Pulse width (a), width of the optical spectrum (b), central optical frequency with respect to the band-gap
of the gain section (c), time-bandwidth product (d), average output intensity (e) as a function of φ for various x,
fixed δ = 1000 fs and injection current 2.2 Jth.

Mode-locking characteristics for another set of MZI parameters are shown in Fig.
3.4. The results represented on these plots correspond to δ = 1 ps and x = 0.02, 0.1,
0.15 and 0.18. The x = 0.18 was the highest value at which stable mode-locking was
possible. As expected, similar shapes as in Fig. 3.3 were obtained. However, due to
the shorter period of modulation the flattened gain region is much smaller than that
at δ = 250 fs. It leads to less significant changes in the τ p , ν fwhm , < ν > and TBP
(Fig. 3.4 (a, b, c, d)). The use of a smaller modulation amplitude leads to a less
significant increase of the internal losses which can be confirmed from Fig. 3.4 (e).
The output intensity decrease is less than 2% when for the δ = 250 fs it is 6%. The
pulse width and optical spectra width were tuned in the range between 0.86 and
1.1 ps and 0.75 and 0.92 THz respectively, much smaller ranges than the ones in the
case of δ = 250 fs.
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3.3.3. Optimization
In the previous section we examined the performance of the laser with various MZI
parameters. It was shown that, for example, for a fixed value of δ there is only one
value of x and φ that offers the most significant reduction of the gain curvature.
Thus, in order to achieve the optimal regime of the MZI a large amount simulations
should be performed for all possible variations of the MZI parameters. In this
section we will discuss an optimization method that avoids time-consuming
simulations. With this method one can calculate the MZI parameters for optimal
PML performance directly.
The net gain per round g net is a combination of the gain of amplifier, absorption,
frequency independent internal losses and frequency dependent losses of the MZI:
g net ( , DSOA , DSA ,  , x) 
 g SOA ( , DSOA ) LSOA  g SA ( , DSA ) LSA   Lcavity  ln T ( , x,  ),
(3.13)
Where α is the internal loss and T is the MZI transmission function, which is defined
as:

T  (1  x2 )  x2ei (t

 )

.

(3.14)

gain spectra g SOA (ω, D SOA ) and g SA (ω, D SA ) in Eq. (3.13) are defined as the
frequency and carrier dependent imaginary part of electrical susceptibility of the
amplifier and saturable absorber, respectively.
The goal of the optimization procedure is to calculate the parameters of the MZI
function that provide the lowest curvature of the g net as a function of optical
frequency in the range around the gain peak ω 0. For the sake of simplicity the
parameters were optimized for the threshold conditions (g net = 0). Assuming a
vanishingly small field it entails that D S A = 0. The position of the gain peak can be
determined as the maximum point of the function g net and this can be obtained by
dg net
solving the equation
 0. The curvature of the function is defined by the
d
second and third derivatives. Setting these to zero at the position of the gain peak (

d 2 g net d 3 g net

 0 ) is used to find the optimal gain flattening conditions. Thus
d 2
d 3
solving a system of four equations for a fixed value of the MZI period δ enables one
to calculate four unknown parameters: ω0, the frequency of the gain peak; threshold
current density D0; optimal phase φ and amplitude x.
Fig. 3.5 (a-d) shows the resulting spectra of g net which is a combination of the
amplifier gain (blue), the absorber loss (red), the internal losses α and MZI
frequency dependent losses (black) at fixed values of δ and optimized x and φ. The
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optimization results are presented for δ equal to 125 fs, 250 fs, 500 fs and 1 ps.
Notice, that the spectral region of flattened gain and minimal amplifier gain which
can be achieved at threshold varies with δ. By using a deep and slow modulation in
the MZI (Fig. 3.5 (a, b)) the gain spectrum at threshold can be flattened over a wide
region (>2THz), but this introduces large additional losses in the cavity which can
increase the threshold amplification too far and adversely affect PML performance.
On the other hand, too small and fast modulation of MZI (Fig. 3.5 (c, d)) will lead to
the appearance of ripples on the gain profile.

Fig. 3.5. The total net modal gain at threshold (green curve) is composed of the gain of the amplifier (blue curve),
the saturable absorption (red curve), the frequency dependent losses of the MZI (black curve) and of the
frequency independent internal losses (not shown). The four panels correspond to a) δ = 125 fs, b) δ = 250 fs, c)
δ = 500 fs, and d) δ = 1 ps. The MZI modulation x is chosen for optimal flattening of the net gain at threshold. e)
Dependency of the optimal value of x on δ at the lasing threshold. The blue solid curve represents the dependency
calculated using the optimization algorithm, the green circles show the dependency calculated from the PML
simulations.

Fig. 3.5 shows the optimized MZI amplitude x as a function of the MZI period δ.
The blue solid curve was obtained using the optimization algorithm described above.
The green dots represent the values of x which produce the broadest optical coherent
comb from the laser for a given value of δ according to the PML simulations. Each
point corresponds to the δ shown on Fig. 3.5 (a-d). Notice that there are differences
between the optimal value found by simulations of the full model and the values
predicted by the optimization algorithm. The optimization method assumes a
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vanishingly small field and in principle is only valid close to threshold. The carrier
density within the gain and the absorber regions are assumed to be D 0 and 0,
respectively. However above threshold the carrier densities in the two sections
oscillate in time, hence a static analysis is not strictly valid. In mode-locked
operation the field in the cavity partially bleaches the saturable absorber and the time
averaged losses in the laser are reduced. Therefore the optical gain necessary to
support a pulse circulating in the cavity is lower and thus the laser operates at a
reduced average carrier density in the SOA. This lower carrier density means a
change in gain spectrum and a possible departure from the optimized situation.
3.3.4. Laser operation with optimized MZI parameters
Using the optimization algorithm discussed in the previous section we will examine
and compare the PML performance for various periods of the MZI and
corresponding optimal values of the MZI phase and amplitude. The injected current
values were taken the same as those in Section 3.3.2. In Fig. 3.6 the simulated laser
output characteristics as a function of δ are shown as black circles. The simulations
of the PML were performed for δ values from 0.054 ps to 1 ps. For each value of δ
the x(δ) and φ(δ) were calculated using the optimization algorithm. The
characteristics of the PML without the MZI filter under the same operating
conditions are presented as a red dashed line for comparison. As one might expect,
the obtained results show that the PML performance can be improved in a finite
range of the MZI parameters where the modulation period is of the same order of
magnitude as the width of the gain spectrum. Within this range an optimal relation
between the increase in cavity losses and flattened gain can be achieved. The
minimal pulse width (τ = 0.55 ps) and maximum spectral width (ν = 1.3 THz) were
obtained at δ = 0.1 ps and x = 0.48 which corresponds to an almost symmetrically
balanced MZI. The minimal time-bandwidth product (TBP = 0.69) was obtained at
δ = 0.308 ps and x = 0.27.
As the value of δ is increased and therefore the value of x is decreased, the period of
the MZI induced ripples in the gain spectrum become faster and smaller, and thus
the influence of the MZI becomes less and less important. This explains the
asymptotic behavior of the graphs in Fig. 3.6 where the laser characteristics
approach the PML regime without MZI for large values of δ.
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Fig. 3.6. Pulse width (a), width of the optical spectrum (b), the average deviation of the central frequency (c), TBP
(d), average output intensity (e) as a function of δ with corresponding values of x and φ. The x and φ were
calculated using the optimization method for each value of δ. The red constant dashed line corresponds to the
regime x = 0 (no MZI). The simulations were performed at 2.2 Jth injected current.

In the previous sections, we discussed the features of the PML regime with the MZI
filter present for a fixed value of the injected current. However, as already
mentioned, the mode-locking regime dramatically evolves with the injected current.
Fig. 3.7 shows the output laser characteristics as a function of bias current for the
laser with MZI (black curves) and without (red curves). The black curves represent
the results of simulations for the MZI with δ = 250 fs and corresponding optimal x
and φ. These values were chosen to be close to the optimal set of parameters
discussed above. The current range used in these simulations is the same as the one
in Section 3.3.1 for the mode-locking operating current determination. The PML
characteristics shown in Fig. 3.7 indicate the improvement of the MZI PML
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performance comparing with the one without MZI. The minimum calculated pulse
width for the PML with MZI is 490 fs and 680 fs for PML without MZI. The
maximal spectral width was improved from 1.079 THz to 1.652 THz by using an
MZI. At the injected currents above 3 J t h relatively slow pulse amplitude oscillations
start to take place in both cases. By increasing the pump current in PML without
MZI it shows harmonic mode-locking behavior at the currents above 5.7 J t h . The
MZI PML essentially stops emitting pulses due to detuning of the gain section with
respect to the MZI due to the increased current and enters a regime of CW operation.

Fig. 3.7. Pulse width (a), width of the optical spectrum (b), the average deviation of the optical spectrum (c), TBP
(d), peak intensity dependency on the injected current, the error bars correspond to the intensity deviation with
time (e) as a function of injected current. The red curves display the laser with x = 0 (no MZI), the black curves
correspond to the regime when δ = 250 fs, x = 0.31 and φ = 1.43. These values of x and φ are chosen optimal for this
value of δ.
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3.4. Designs of the PML with intracavity filter
In order to be able to check experimentally the theoretical prediction made in the
previous Section several MZI PMLs with various repetition rates were designed and
realized. Since the optimal MZI parameters were determined only for the threshold
conditions, the PMLs were designed to have maximum freedom in varying the MZI
properties in order to achieve optimum mode-locking performance for a wide range
of operating conditions. Two types of the ring PML with intracavity filter were
realized. First type employs a single unbalanced MZI with fixed δ = 100 fs. A
diagram of this type of MZI PML is shown in Fig. 3.8. In this PML the power ratio
x2 which determines the spectral modulation depth is controlled by the amplification
of the signal in one of the arms of MZI. The second MZI arms includes an electrooptical phase modulator (EOPM). The phase φ which controls the tuning of the MZI
can be varied applying a reverse bias voltage on the EOPM.

Fig. 3.8. Diagram of the ring PML with MZI. The power ratio between the MZI arms is controlled by the SOA
MZI and the phase between the signals in the arms of MZI is controlled by an electro-optical phase modulator
(EOPM).

This type of PML was realized in the COBRA and HHI integration platforms for
2.5 GHz, 5 GHz, 10 GHz and 12.5 GHz repetition rate.
However, the use of the SOA in the MZI arm can lead to the self-phase modulation
of the signal passing through. In order to avoid the use of an additional SOA, the
second type of MZI PML was realized. The PML shown in Fig. 3.9 (a) has three
MZIs, two of which (MZI 1 and MZI 3) are balanced and MZI 2 is unbalanced with
δ = 100 fs. The MZIs are connected using 2x2 multimode interference (MMI)
couplers [83]. In this configuration MZI 1 and MZI 3 are used to control the power
ratio between the MZI 2 arms for counter-clockwise (CCW) and clockwise (CW)
propagating pulses respectively. The principle of this configuration is similar to the
one used in Mach-Zehnder interferometers switches.
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Fig. 3.9. a) Schematic of the ring PML with intracavity filter which consists of three MZIs. MZI 1 and MZI 3 have
the same length of the arms. MZI 2 is unbalanced. The power ratio in the unbalanced MZI 2 is controlled by the
EOPMs in MZI 1 and MZI 3 for CCW and CW pulses respectively. b) Relative phase relations of the optical
signals in a balanced MZI.

The phase difference between the two coherent signals at the input ports of a 2x2
MMI determines the power ratio between the two output ports (Fig. 3.9 (b)). When
only one signal enters a 2x2 MMI via one of its input ports, the output power is
distributed equally over the two outputs with a 90° phase difference between the two
[83]. In the case of an optical signal entering the top input port of MMI 1, as
depicted in the upper part of Fig. 3.9 (b), the signal at the top output of MMI 1 will
have a phase that is -90° in relation to the signal at the bottom output of MMI 1.
After the propagation through MMI 2 the power will be concentrated in the bottom
output port of MMI 2. If the phase of the signal in the upper arm of MZI 1 is
increased by 180° (lower part of Fig. 3.9 (b)) the power will be concentrated in the
top output port of MMI 2. Thus the setting of the phase in one arm of the balanced
MZIs controls the power ratio of the signals going into the unbalanced MZI 2 and
therefore controls the modulation depth of its transmission spectrum. The phase
difference in the arms in MZI 2 can be controlled precisely by the EOPM which is
placed in one of the arms. This controls the wavelength tuning of the fringes in the
transmission spectrum of MZI 2. The ring PMLs of 2.5, 5 and 7.5 GHz repetition
rate with intracavity filter based on this principle were designed in the Oclaro
platform.

3.5. Summary
We have presented a study of simulations of a colliding pulse semiconductor PML
with an intracavity MZI based filter using a travelling wave model (FreeTWM [79]).
We have developed an algorithm which enables us to calculate the power ratio and
phase of the MZI that provides the widest gain bandwidth for a given value of the
delay between the two MZI arms. Despite the fact that the presented algorithm
predicts optimal parameters of the MZI at the condition of a small field, i.e. at
threshold conditions, the values of x and φ optimized using the complete PML
simulations are in good agreement with those predicted by the algorithm. An
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improvement in pulse width and spectral bandwidth of the PML output caused by
the presence of the MZI over the wide range of operating injected currents was
shown. The narrowest achieved pulse width for the PLL with an MZI was 490 fs and
680 ps for PML without MZI. The maximum optical bandwidths from the
simulations were 1.652 THz and 1.079 THz for the laser with and without MZI
respectively. Notice, that the TBP of both cases is larger than the transform limit.
This is caused by the self-phase modulation in the amplifier and absorber as well as
other sources of dispersion which cannot be compensated by a linear intracavity
filter. Further studies of the ultimate limits of such a CPML setup would consider
the effects of spectral hole burning and carrier heating. Such ultra-fast non linearities
that correspond to a local depopulation of the available carriers within the valence
and conduction(s) bands could in principle play a role for short pulses. It is however
difficult to infer if such additional effects would lead to an increased bandwidth
beyond the transform limit or if such amplitude-phase modulation would further
compress the pulses. Such ultra-fast non linearity could have different effects in the
saturable absorber and in the gain sections. Additionally, several other sources of
dispersion could contribute to further spreading of the pulse like e.g. the group
velocity dispersion stemming from the background index and the vertical and
transversal confinement of the field.
In order to verify the theoretical predictions ring passive mode-locked lasers of
various repetition rates were designed in HHI, Oclaro and COBRA platform. The
MZIs were designed in a way that the phase and the depth of the MZI modulation
can be varied. This will allow to optimize the MZI response for different conditions
in which PML is operating in future experiments.
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Chapter 4.

Integrated
extended
cavity
1.5 µm
semiconductor laser switchable between self and anticolliding pulse passive mode-locking configuration

We present the first integrated linear extended cavity passively mode-locked
semiconductor laser (PML) in which the operating mode can be switched electrically
between two configurations. The first configuration is where the saturable absorber
(SA) is located next to the output coupler, the so-called anti-colliding pulse modelocking (ACPML) scheme. The second configuration is where the SA is next to the
high reflectance mirror, the self-colliding pulse mode-locking (SCPML) scheme.
The 7.5 GHz PML was used to demonstrate experimentally the theoretical
prediction that placing the SA next to the output coupler leads to a significant
improvement in the laser stability and quality of the optical pulses. The experimental
results show that the ACPML scheme allows for a more deeply saturated SA due to
the increase of optical power in the SA. The measurements of RF spectra and
autocorrelation traces confirm superiority of the ACPML design in terms of pulse
stability and width over the SCPML design for a wide range of operating conditions.
The linewidth of the beat tone at the repetition rate was reduced by more than 60
times, the measured minimal autocorrelation width improved from 22 ps to 7.5 ps
and a 3 dB increase in average output power was achieved.

4.1. Introduction
In the previous two chapters we were focused on the ring mode-locked lasers
realized in a pulse-colliding scheme. On the other hand the linear mode-locked
lasers can be also realized in the pulse colliding configuration. The main advantages
of the linear PML over the ring one is that the linear PML can be designed to be
tuneable using a DBR grating as one of the mirrors and that higher order repetition
frequencies in a harmonic mode-locking configuration can be achieved. Another
advantage is the smaller surface area that is required for the linear PML in
comparison with the ring PML.
Most literature reports of linear mode-locked lasers are focused on the so-called self
-colliding pulse mode-locking (SCPM) scheme. This scheme is based on placing a
short SA close at one end of the linear cavity and next to a high reflectivity mirror
[84], [85], [25]. The high reflectivity mirror is typically a high reflection coated
facet. The use of the high reflectivity mirror next to the SA is to optimize the power
from the output facet. According to literature it provides a deeper SA saturation due
to the interaction of the pulse with itself inside the SA [24].
59

Linear passively mode-locked laser switchable between self and anti-colliding pulse modelocking scheme

However in [56] it was shown theoretically that in an anti-colliding pulse modelocking (ACPML) scheme, where the SA is placed next to the low reflectivity output
coupler mirror, a weaker saturation of the gain in the SOA and a more deeply
saturated absorption in the SA can be achieved. The study was presented as a
comparison of three configurations: ACPML, SCPML and symmetrical modelocking (SML). The SML configuration is where the SA is placed at the one end and
reflectivities of both cavity ends were chosen equal. The study in [56] showed that
the ACPML configuration leads to an enlargement of the operating current range, a
reduction of amplitude and timing jitter, an increase of optical power and a reduction
of pulse duration in comparison with the other two configurations.
Recently in [86] an experimental study of a laser in the ACPML configuration (one
high reflectivity and one low reflectivity mirror) and in the SML configuration (both
mirrors with the same reflectivity), was presented. The performance of an uncoated
Fabry-Perot two-section mode-locked laser at 1.5 µm was compared before (30 %
reflectivity on both sides) and after applying a low reflection coating (10 %
reflectivity) to the SA facet and a high reflection coating (over 90 % reflectivity) to
the other facet. A reduction of the amplitude and timing jitter, an increase of the
operating range of bias conditions and an increase of the pulse power was achieved.
In this work it was observed that the peak emission of the coated laser had shifted
significantly. According to the authors this could be caused by the spectral filtering
introduced by the coating.
However, as it was discussed above, much experimental and theoretical work was
done on linear PMLs using the SCPML configuration, where one facet has 100 %
reflectivity in order to decrease intracavity loss. In this work we present an
experimental study of an InP-based quantum well integrated PML with an extended
linear cavity in ACPML and SCPML configurations. Preliminary results were
published in [87]. Moreover, the laser design allows to realize both configurations
by using three separate active sections with quantum wells as well as passive
integrated wavelength-independent mirror structures thus avoiding the use of
coatings. The use of passive mirror structures in an active-passive integration
scheme allows for a precise control of the SA length since cleaving inaccuracies are
avoided [88]. In this case the PML can be freely located on the chip for further
integration. In this work we qualitatively verify the theoretical predictions and show
significant improvement of the stability, optical power, pulse duration and
enlargement of the operating condition range of a PML in the ACPML configuration
in comparison to one in SCPML configuration.
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4.2. Linear mode-locked laser geometry
In this work we present an extended cavity linear laser design which includes a
SOA, a SA as well as passive waveguides and mirror structures. The laser was
designed as an InP photonic integrated circuit using a library of standardized
building blocks and fabricated within a multiproject wafer run available through an
Oclaro foundry service [89].

Fig. 4.1. Sketch of linear passive mode-locked laser. Multimode interference reflectors (MIR) were used as an
output coupler (OC) and end mirror (EM). Three active sections (orange) were positioned in the way that colliding
and anti-colliding designs were realized

A schematic sketch of the linear PML are shown in Fig. 4.1. The repetition rate is
determined by the total length of the cavity. In the case of low repetition rates, the
use of passive waveguides helps to reduce self-phase modulation effects caused by
propagation of the light through the active sections. The laser presented here consists
of three active sections (SA1, SOA and SA2), a passive waveguide section and
multimode interference reflectors (MIR). In order to be used as output coupler (OC)
and end mirror (EM), the 107 m long MIRs [90] were designed to provide 50 %
and 100 % respectively. However, in reality fabrication imperfections cause a power
loss of less than 1 dB (20%) for 1-port MIR (EM) and 1.4 dB (28%) for 2-ports MIR
(OC). The total length of the cavity including both MIRs is 5.5 mm.
The finite length of the mirrors can significantly reduce the pulse interaction with its
reflection within the SA. In [91] it was shown theoretically that an increase of the
distance between the SA and a flat OC mirror (e.g. a facet mirror) ultimately leads to
a reduction of pulse energy and a decrease in stability of the pulse train in the anticolliding configuration. Increase of the distance between SA and the flat mirror also
broadens the optical pulses. However stable mode-locked operation can be obtained
when the distance between the SA and OC mirror is up to 4 times of the length of
the SA and this distance does not exceed the spatial width of the pulse. In was
shown that under these conditions the PML realized in the ACPML configuration
features better performance than the one in the SCPML configuration.
To minimize possible back reflections from the edges of the chip the output
waveguide was 7 tilted with respect to the cleaved and AR-coated facet. The ring
waveguide attached to the 50 % MIR output has 150 m radius. All active sections
SA1, SA2 and the SOA are electrically isolated. By applying various biasing
conditions on SA1 and SA2 we can locate the SA near the EM or near the OC.
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When SA1 is reversely biased and the same current density is applied on SOA and
SA2 the SA is positioned near the OC and an ACPML configuration is realized. An
SCPML configuration can be achieved by applying the same forward bias current
density to SA1 and SOA and a reverse bias voltage on SA2. The cavity included
SOA section of length 2 mm, two absorbers SA1 and SA2 of length 100 m. The
total length of the cavity is 5.5 mm. The active sections were all based on the same
InGaAsP multi-quantum well core.

4.3. Optical power characteristics
The chip was mounted on a copper chuck that was temperature stabilized at 18  C.
The light from the waveguide connected to the OC was collected using a lensed
fiber with anti-reflection coating. In order to prevent back-reflections to the chip
from optical equipment connected to the fiber an optical isolator was used. The
schematic of the experimental setup was shown in Chapter 2 in Fig. 2.2. To
investigate the influence of the position of the SA on the energy emitted by the laser
and the energy inside the SA, we measured the output optical power and the
photocurrent generated in the SA as a function of the current injected in the SOA.
The output optical power was measured after a 50 % splitter. The generated
photocurrent in the SA is a measure of the power at that point in the cavity at the
fixed applied voltage. Fig. 4.2 shows both these dependencies for the ACPML
(black curves) and for the SCPML (red curve) for different values of absorber bias.
Notice, that the fibre coupled power levels in both configurations are relatively low
compared to other monolithic PMLs [86], [85]. In addition to the coupling losses (5
dB) the PML exhibits significant intracavity losses due to an error in the fabrication.
The laser was fabricated in non-commercial experimental foundry run, which had
non-typical waveguide losses of 14 dB/cm.
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Fig. 4.2. (a, c, e) shows dependencies of fiber-coupled optical power on the current injected in SOA for three
different voltages applied on SA in ACPML (black curve) and SCPML (red curve) configurations. (b, d, f) shows
photocurrent generated in SA for both configurations as a function of the current injected in SOA section

The small spikes on the curves are related to the change in the laser dynamic
regimes, which are represented with dashed lines on Fig. 4.2 (b, d, f). At a low bias
voltage USA the optical power dependencies for both configurations show almost the
same slope. However, with increasing USA the optical power coupled from the
SCPML configuration drops with respect to that of the ACPML configuration. The
linear absorption in the SA will increase with increasing USA. Thus the reduction in
output power of the SCPML configuration with respect to the ACPML configuration
is related to a less saturated SA in the SCPML compared to the ACPML. The reason
for that is that the highest pulse energy is available near the OC. Fig. 4.2 (b, d, f)
show that indeed the optical power level in the SA in the ACPML is much higher
than those measured for the SCPML. Notice that in both configurations an increase
of USA leads to an increase of the photocurrent in the SA. The dark current was in the
order of few nA. However, this effect is more pronounced in the case of the SCPML
configuration, due to its less saturated SA. In the ACPML configuration the value of
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photocurrent at ISOA = 140 mA changes from 20.15 mA to 21.41 mA with increasing
USA whereas in the case of the SCPML configuration the photocurrent at the same
ISOA value increases from 8.17 mA to 13.1 mA. The laser in the SCPML
configuration operates in continuous wave (CW) regime for low ISOA since the SA is
not sufficiently saturated at those current levels. With increasing ISOA the laser enters
a mode-locked regime.
These observations fully confirm the theoretical prediction of the increase of output
power and the optical power inside the SA in the case of an ACPML design. The
higher level of photocurrent generated in the SA in the case of an ACPML is a result
of less saturated SOA, which is in favour of passively mode-locked lasers [37]. In
the next section we present the evaluation of the influence of the position of the SA
on PML stability.

4.4. Stability and pulse quality characterization
In [10] it was shown that theoretically the use of an ACPML scheme leads to the
reduction of amplitude and timing jitter over a large range of the injected SOA
current for a fixed reverse bias voltage on the SA. However it is also relevant to
consider the effect of varying the SA bias voltage. Variation of this bias voltage
leads to a change in the SA recovery time and in the SA absorption spectrum. This
in turn influences the output properties of the laser [14]. In this section we present an
experimental comparison of the timing stability and pulse duration for the two
configurations over a range of USA and ISOA. The influence of the SA position on the
stability was evaluated by performing spectral measurements of RF beat tones that
were generated in a 50 GHz photodiode and recorded using a 50 GHz electrical
spectrum analyzer. For the several operating conditions the measurements of optical
spectra were performed using high-resolution optical spectrum analyzer. The
electrical spectrum for the ACPML configuration recorded at USA = -1.3 V and ISOA
= 123 mA shows a peak at the fundamental frequency and second and third
harmonics (Fig. 4.3 (a)). Fig. 4.3 (b) presents a RF spectrum of the PML in SCPML
configuration recorded at the same operating conditions as in Fig. 4.3 (a). Fig. 4.3
(a) shows a stronger fundamental tone and its higher order overtones in comparison
with the spectrum presented in Fig. 4.3 (b). Fig. 4.3 (c, d) show more detailed RF
spectra around the fundamental peaks for the both configurations. The -10 dB
linewidth of the RF peak depicted in Fig. 4.3 (a) is 1.4 MHz and 23 MHz in Fig.
4.3 (b). Even though in this study for both the ACPML and SCPML configurations
the same device was used, the fundamental frequency of the two configurations
differs by more than 100 MHz. In [85] it was shown that such a large detuning from
the cavity’s roundtrip originates from saturation effects in the SOA and SA sections
and can vary with the optical pulse intensity. The Fig. 4.3 (c) shows a reduction of
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the linewidth of the fundamental peak when the ACPML configuration is used. This
indicates a lower level of timing jitter [93].

Fig. 4.3. (a, b) shows RF beat signal produced on a fast photodiode and recorded with electrical spectrum analyzer
recorded at USA = -1.3 V and ISOA = 123 mA for ACPML and SCPML respectively. (c, d) shows detailed view of the
spectra recorded at the same operating conditions as shown in (a, b) with resolution bandwidth of 20 kHz and 200
kHz respectively.

In order to compare two designs in terms of timing jitter for wide range of operating
conditions, the linewidth of the fundamental peak at the -10 dB level was measured.
Fig. 4.4 (a) and (b) show maps of the RF peak linewidth for the ACPML and
SCPML configurations respectively. Please notice that the colour scale for the
linewidth in Fig. 4.4 (a) is ten times larger than the scale used in Fig. 4.4 (b).
Depending on the operating conditions, various dynamical regimes were observed in
both configurations. In the narrow range of currents (1-2 mA) just above the
threshold, the laser in the ACMPL configuration exhibits CW regime with amplitude
instabilities. This range is indicated by the black solid line in Fig. 4.4 (b). A further
increase of the current leads to a build-up of the mode-locking state. In the case of
the SCPML configuration the laser first enters CW state due to the low optical
power in the SA. Then with increasing injection current the laser proceeds to a
mode-locked state. This was confirmed by the measurements of the optical spectra.
From these graphs it clearly appears that for a large range of operating conditions
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the RF linewidth of the laser in ACPML configuration is significantly decreased in
comparison to the other configuration.

Fig. 4.4. The map of the RF linewidth measured at -10 dB level below the peak for the case of ACPML (a) and
SCPML (b) design

The minimum observed linewidth at -10 dB level for the ACPML configuration was
36 KHz, whereas for the SCPML it was 2.4 MHz. Therefore, these investigations
confirm that the use of an ACMPL design leads to a significant reduction of the
timing jitter and enlargement of the region of stable mode-locking.
The amplitude noise can be evaluated through the analysing of the RF signal at low
frequencies. In [86] it was shown that the PML realized in the ACPML
configuration exhibited suppressed amplitude noise levels when compared with the
SML case. However, in our case the low frequency components were not observed
above the system noise floor of -80 dBm in the mode-locking state for both
configurations.
To investigate the influence of the position of the SA on the output pulse shape in
the time domain, second harmonic autocorrelation intensity profiles were measured
using an autocorrelator in a background free configuration. Since the output power
from the lasers was quite low, the signal was first amplified by a low noise erbium
doped fiber amplifier (EDFA) and then sent through the polarisation controller (PC)
to the autocorrelator. The length of the erbium doped fiber was 42 m with dispersion
parameter of 10.8 ps/(nm km). More details of the influence of dispersion and nonuniform amplification caused by the EDFA on the AC trace can be found in [94].
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Fig. 4.5. a) and b) show optical spectra measured at USA = -1.3 V and ISOA = 98 for the ACPML and SCPML
respectively. Autocorrelation traces recorded at USA = -1.3 V and ISOA = 98 mA for the ACPML (c) and at for
SCPML (d) configurations.

The Fig. 4.5 shows an example of optical spectra and autocorrelation (AC) traces for
the ACPML (a) and c)) and the SCPML (b) and d)). Both spectra and AC traces
were recorded at USA = -1.3 V and ISOA = 98 mA. Optical spectra for both
configurations are centered around 1557 nm. The optical comb presented in Fig. 4.5
(a) features a bandwidth of 4.6 nm FWHM, whereas the optical spectrum in Fig. 4.5
(b) is 0.4 nm wide. Such a narrow bandwidth measured at 3 dB level in the case of
SCPML configuration is caused by the non-uniform shape of the spectrum. This
spectrum shows two pronounced maxima around 1554 nm and 1560 nm, which were
present over the whole range of injected currents in mode-locking regime. In [63] it
was shown that the spectral dependency of the gain in the SOA and the absorption in
the SA leads to different spectral regimes. A superposition of these regimes leads to
appearance of the multiple peaks in the optical spectrum. However, the reason of
this is not yet fully understood and requires further investigation. The measurements
of the AC traces confirm the coherency between longitudinal modes in mode-locked
state. AC trace background level suppression of more than 30 times was observed in
the transition between CW to mode-locked state. This means that in the modelocked state most of the power is concentrated in the optical pulse. The width of the
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AC measured at the level of half maximum (FWHM) was 9.7 ps for the ACPML
configuration and 21.8 ps for SCPML configuration. It should be noted that for both
configuration the optical pulses are expected to have a significant amount of chirp.
The FWHM of AC traces was chosen as a characteristic of the time domain PML
performance. AC traces were measured for the same operating points as in the RF
measurements. All time traces were obtained for the same autocorrelator settings of
150 ps scan range with 260 data points, which correspond to a 580 fs time resolution
in the autocorrelation signal. The FWHM of AC was chosen as a characteristic of
the time domain PML performance. Fig. 4.6 (a) shows the dependency of the
FWHM of the AC traces on injected current at fixed USA = -1.1 V for the ACPML
(red) and SCPML (black) configurations. In both cases the increase of injected
current leads to the broadening of the pulses due to the increase in self-phase
modulation effects. When varying the voltage applied on the SA at fixed current on
the SOA (ISOA = 104 mA), both configurations show a decrease of the FWHM with
USA, which is attributed to a reduction of SA recovery time.

Fig. 4.6. a) Full width at half maximum (FWHM) as a function of injected current at USA = -1.1 V. b) FWHM
dependency on applied voltage at ISOA = 104 mA. Both a) and b) dependencies were measured for ACPML (black)
and SCPML (red) configurations. The map of the AC width (FWHM) for the ACPML (c) and SCPML
configurations (d) as a function of total forward bias current and reverse bias voltage.
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Fig. 4.6 (c, d) shows the AC full width at half maximum (FWHM) as a function of
injected current and applied voltage for the ACPML and SCPML designs. Pulse
formation was observed in the regions indicated in the contour plot where the colour
indicates the AC FWHM. The AC FWHM is varying between 7.5 and 50 ps. In both
configurations the PML features relatively broad optical pulses in comparison with
other results obtained from integrated QW PMLs [94], [86], [88]. This can be caused
by the reduction of pulse interaction with its reflection in the SA due to the use of
finite mirror length. The energy inside SA is also reduced in both cases due to the
high losses in passive waveguide, which can lead to the broadening of the pulse.
The maps AC FWHM indicate a significant reduction of the pulse width over whole
range of operating conditions when the ACPML design is used. In this case the
minimum achieved AC width was 7.5 ps, whereas the minimum width in the
SCPML configuration was 22 ps. Combining these results with the results achieved
from the optical power measurements we can conclude that in an ACPML
configuration the peak power of the pulse is increased by more than 4 times at the
high applied voltages in comparison with the SCPML configuration.

4.5. Conclusions
In this work we experimentally investigated the performance of a linear
semiconductor passively mode-locked laser that can be switched between the
ACPML and SCPML configurations. The design of the PML that was realized
allowed for both configurations to be evaluated using the same device. As was
predicted in [56], the placing of the SA next to the low reflectivity mirror leads to an
increase of output power up to 2 times in comparison with the configuration where
the SA is placed at the high reflectivity mirror. By measuring the photocurrent
generated in the SA it was shown that the modulation of the SA is enhanced in the
ACMPL design. Observation of RF spectra showed that in the ACMPL design the
RF peak linewidth is decreased for a wide range of the current injected in the SOA
and voltage applied on the SA. This indicates the reduction of timing jitter and
increase of the region of stable mode-locked operation. The analysis of
autocorrelation traces shows that a minimum AC pulse width reduces from 22 ps to
7.5 ps. These results fully confirm the theoretical prediction made in [56] of the
superiority of the ACMPL design over SMPL design.
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Chapter 5.

Tuneable integrated extended cavity linear
1.5 m passively mode-locked laser in an anti-colliding
design

In this chapter we present the first tuneable extended cavity integrated passively
mode-locked laser realized in an anti-colliding design. The laser is realized as an InP
based photonic integrated circuit. A detailed study of the laser performance under
various operating conditions is presented. The evolution of the RF spectrum and
optical spectrum with the injection current to the optical amplifier is investigated. A
tuning over 9 nm is achieved by injecting current in a distributed Bragg reflector
(DBR) section. We demonstrate that tuning of the optical spectrum towards shorter
wavelengths which increases absorption in the saturable absorber section, leads to an
improvement of the mode-locked laser performance in terms of reduction of
fundamental RF linewidth and reduction of the pulse widths.

5.1. Introduction
In the Chapter 4 we showed experimentally that placing of the SA next to the low
reflectance mirror leads to an improvement of the mode-locked laser performance.
The operating parameter range for the stable-mode-locking regime is enlarged and
an increase is achieved of the optical output power and stability in comparison to
lasers with the configuration where the SA is placed next to the high reflectance
mirror.
Another important characteristic of mode-locked lasers is the optical pulse duration.
One of the key issues for obtaining short pulses is to obtain optimal spectral
detuning between the SA and SOA absorption and gain characteristics. This
detuning can be achieved simply by applying different bias on SOA and SA [63],
modification of the layerstack composition between gain and absorption sections
[95] and tuning of the PML using intra-cavity filters such as distributed Bragg
reflectors (DBR). The use of a DBR grating is a reliable way to achieve a controlled
tuning of the ratio between the amount of gain and absorption in the gain and SA
sections and to optimize the pulse characteristics. Moreover, a DBR based PML can
be considered as a promising source for telecom applications, e.g. for WDM
systems, where it is of importance to meet the requirements of the precise
wavelengths of the laser modes. Previously tuneable DBR based PMLs were already
demonstrated experimentally [96], [97], [98], [99]. However in these papers one of
the facets was used as a reflector, which makes further integration of these devices
impossible.
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In this Chapter we demonstrate a fully integrated PML in which the anti-colliding
design and the use of a DBR grating as a low reflectance mirror is combined. The
extended cavity design of the PML includes a 50 % reflectivity DBR grating as
output coupler. The design presented here, which will be described in detail in the
next section, uses a very similar lay-out and has similar dimensions as the one
presented in Chapter 4 where a broad-band 50 % multimode interference reflector
(MIR) was used as an output coupler. These lasers were fabricated on the same
monolithic chip. The cavity contains a passive waveguide section to allow for a
shorter SOA section. This reduces self-phase modulation effects compared to those
in a conventional two-section FP laser of the same cavity length. The high
reflectance mirror is based on a 100% reflecting MIR. In this Chapter we will
discuss the main consequences of using a DBR grating as an output coupler in an
anti-colliding pulse mode-locking scheme and demonstrate the improvement of the
performance in terms of RF linewidth and pulse duration when the PML is being
tuned towards shorter wavelength.

5.2. DBR mode-locked
characterization

laser

geometry

and

material

The laser is designed as an InP photonic integrated circuit in Oclaro foundry. The
PML includes three active sections (100 m long SA1 and SA2, 2 mm long SOA), a
passive waveguide section, the DBR and the multimode interference reflector
(MIR). A schematic sketch is shown in Fig. 5.1 (a). Such a design allows for
switching the location of the SA from the output coupler (OC) side to the end mirror
(EM) side, simply by switching bias conditions on SA1 and SA 2. SA1 and SOA are
electrically isolated by a 10 m long isolation section. When a reverse bias is
applied on SA1 and current of the same density is injected in SOA and SA2, the SA
is located near the OC and an anti-colliding configuration is realized. In order to
locate the SA at the other side, SA2 must be reverse biased and other two active
sections need to be forward biased using the same current density. All the active
sections were based on an InGaAsP multi-quantum well waveguide core.
The PML cavity has a length of 5.5 mm, where 3 mm is formed by a passive
waveguide. The DBR grating was designed to have a 50 % reflectivity in a spectral
band of 4 nm width and centered at 1550 nm. However limitations in accuracy of the
fabrication means there can be variations of 3 nm to the central wavelength. To
minimize possible back reflections from the edges of the chip the output waveguides
were angled with respect to the cleaved and AR-coated facets.
At a first stage the SOA, SA and DBR grating were characterized separately using
dedicated test structures. The chip with test structures was mounted on a
temperature-controlled cupper chuck at 18° C. The output light was collected using
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lensed fibers with an antireflection coating. In Fig. 5.1 (c) the net gain spectra (red
curves) measured for current densities from 1000 to 2250 A/cm2 are presented. The
gain spectra were measured using a multi-sectional method [100]. The black curves
in Fig. 5.1 (c) represent net absorption spectra obtained at applied voltages from -0.1
to -2.8 V. The arrow points direction of voltage increase. For these measurements a
different multi-sectional active structure was used. This test structure consists of
four sections, where the first and third sections are 50 m long and the second and
fourth are 1 mm long (Fig. 5.1 (b)). The method is based on measurement of the
transmission through the first reversely biased short section (absorber) of the ASE
that is generated by the second and third sections that are forward biased with the
same current densities. The first section was chosen to be short in order to provide a
relatively low absorption so it does not fully deplete the ASE power from the SOA.
The fourth section was always reversely biased to prevent optical feedback. The
ASE signal which goes into the absorber can be measured by the forward biasing the
first short section and second section and reverse biasing the third and fourth
section. The total small signal absorption spectra of the SA as a function of reverse
bias voltage and the total small signal gain spectra of the SOA as a function of
injection current are presented in Fig. 5.1 (c). The Fig. 5.1 (c) shows significant red
shift of the SA absorption spectrum with increasing voltage which is associated with
quantum confined Stark effect.
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Fig. 5.1. a) Diagram of the layout of the tuneable DBR mode-locked laser. SA1, SA2 and SOA are active sections.
Multimode interference coupler (MIR) of 100% reflection and 50 % reflection DBR were used as a mirror. b)
Diagram of the test structure used for absorption measurements. c) SOA total gain (red) and SA absorption
(black). The SOA gain spectra were measured for the injected current density values of 1000, 1250, 1500, 1750,
1850, 2000 and 2250 A/cm2. The SA absorption profiles are shown for reverse bias values from -0.1 V (upper
curve) to -2.9 V (lowest curve) in steps of 0.4 V. d) DBR reflection spectrum measured at IDBR = 0 mA.

The spectral shape of the reflection of the DBR was obtained by measuring the
power of an external CW tuneable laser signal reflected from the DBR while the
active sections of the PML were reversely biased. The CW laser was tuned over
20 nm around the DBR reflectance band. Fig. 5.1 (d) shows the reflected power as a
function of the CW signal wavelength in a linear relative scale. The maximum of the
reflected CW power spectrum was scaled to 0.5 since the DBR was designed to
provide 50 % reflection. An independent confirmation of this peak value is however
not available. The DBR section was not contacted during this measurement. Even
though the facet of the chip was AR coated, the raw experimental data had ripples
with the period associated with the distance between the DBR and the facet at the
end of the output waveguide. Fig. 5.1 (d) shows the signal with these ripples filtered
out. The reflection band has a width of 4 nm and it is centered at 1551 nm. This
center wavelength is shifted towards a longer wavelength by 1 nm from the design
value which is within the foundry specification.
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5.3. Characterization of PML at IDBR = 0
In this section we present a characterization of the PML for various operating
conditions when the DBR section was not contacted. The chip with the PML was
mounted on a temperature stabilized copper chuck at 18 C. The used measurement
arrangement was similar to the one shown in Fig. 2.2. The output light was collected
using a lensed fiber with AR coating and sent to the other instruments through an
optical isolator. The coupling loss from the chip to the fiber is estimated to be
between 4 and 5 dB. First, the performance of the PML in the self-colliding and anticolliding configuration was evaluated. The Fig. 5.2 shows LI curves of self- and
anti-colliding configurations under - 1.0 V applied voltage on the SA. As predicted
in [56], the output power in the case of anti-colliding design significantly exceeds
the one in the self-colliding configuration. The threshold current was found to be
48 mA for the anti-colliding configuration and 41 mA for the self-colliding
configuration. When operating the laser in the self-colliding configuration, it was
operating in a continuous wave (CW) regime over the whole range of applied
operating conditions. For this reason we will not discuss operating of the PML in
self-colliding configuration any further.
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Fig. 5.2. Fiber coupled optical output power as a function of current injected in the long SOA section for the anticolliding (black) and self-colliding (red curve) configurations. The same current density as in the main SOA was
applied to the short SOA section. The bias voltage on the SA was -1.0 V in both configurations.

The device in anti-colliding configuration operates in a mode-locked state for a wide
range of operating conditions. A typical optical spectrum measured at ISOA = 90 mA
and USA = -1.3 V is shown in Fig. 5.3 (a). The optical spectrum was measured using
a 20 MHz resolution optical spectrum analyser. The spectrum shows a frequency
comb centered at 1554 nm with a mode separation of 7.4 GHz. It must be noted that
the optical spectrum is asymmetrically shaped and its central wavelength is shifted
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from the top of the DBR reflection band (Fig. 5.1 (d)) towards longer wavelengths
by 2.5 nm. A red shift of the DBR reflection might be attributed to the thermal
change of the refractive index. However, this effect would result in relatively small
wavelength shift and in order to achieve 2.5 nm the DBR temperature should
increase by more than 20 degrees. In mode-locked lasers the optical spectrum is
influenced not only by the feedback spectrum but also by the gain of the SOA and
the SA absorption profile [60]. The light propagating through the SOA at current
ISOA = 90 mA experiences a small-signal net gain that was measured at the current
density 2250 A/cm2. This gain spectrum is shown in Fig. 5.1 (c) (the uppermost
curve).). At these operating conditions the small signal gain has a steeper change
with the wavelength than the small signal absorption per round trip and its maximum
is centered on 1542 nm. However, when the laser is above threshold and particularly
in modelocked operation, the light in the cavity can no longer be considered as small
signal. Both gain and absorption are saturated. In this case, the carrier concentration
and the gain value are reduced and the gain maximum is shifted towards longer
wavelengths (as can be seen in Fig. 5.1 (c) for the lower injection current densities).
When the absorber is saturated the absorption per round trip is reduced but the
direction of the slope stays the same, where light at the longer wavelengths
experiences less loss. As it was mentioned before the DBR grating was designed to
provide 50 % reflection. This value is in the order of magnitude of the spectral
variations of the gain and absorption. From this we can conclude that these gain and
absorption dependencies can push the laser to operate at the red-shifted wavelength
away from the DBR reflection peak. In the PML presented in the previous chapter
which was realized on the same chip, a few millimetres away from the devices
presented here, the position of the optical output spectrum was centered at 1558 nm.
The output spectrum of this laser which did not contain a DBR mirror was
determined only by the gain and absorption profiles.
Variation of the voltage in the SA leads to a change in the SA recovery time and it
effects the detuning between the gain and absorption profile as well [60]. The
measurements of the absorption show that indeed the absorption spectrum exhibits a
red-shift with an increase of the applied voltage. Fig. 5.3 (b) shows the dependency
of the central wavelength of the PML on the voltage applied on the SA for
ISOA = 100 mA, 120 mA and 140 mA. For all three injected currents the optical
spectrum is being detuned over around 1.5 nm with the applied voltage towards
longer wavelength. A similar shift of the central wavelength of around 2 nm with the
applied voltage was observed in the case of the MIR based PML presented in the
previous chapter.
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Fig. 5.3. The optical frequency comb recorded at ISOA= 90 mA and USA=-1.3 V. (b) Central wavelength
dependency on the voltage applied to the SA for 100, 120 and 140 mA current injected in the SOA.

An increase of the current in the SOA leads to a shift of the small signal gain
spectrum towards shorter wavelength. However a red shift of the laser output of
1 nm was observed in the cases of both lasers (with MIR and with DBR) when the
SOA current was changed from 60 to 140 mA. This red shift is caused by the
increase of the intra-cavity optical power and therefore increase of self-phase
modulation effects in the SOA [101] or variation of the SA temperature due to the
photocurrent generation [63].
For further characterization of the mode-locked laser RF spectra and autocorrelation
(AC) traces were measured as a function of injected current and bias voltage. The
RF beat tones were generated in a 50 GHz photodiode and measured using a 50 GHz
spectrum analyzer. To obtain the AC traces the second harmonic autocorrelation
intensity profiles were measured using an autocorrelator in a background free
configuration. Since the laser output power was low, the signal was first amplified
by a low noise erbium doped fiber amplifier (EDFA) and then sent through the
polarisation controller (PC) to the autocorrelator. The length of the erbium doped
fiber was 42 m with a dispersion parameter of 10.8 ps/(nm km). More details of the
influence of dispersion and non-uniform amplification caused by the EDFA on the
AC trace can be found in [19]. The pulse formation was observed in the wide range
of currents and voltages. The minimal observed AC width was 2.5 ps which is more
than 2 times less than the shortest one observed in the MIR based PML [102].
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a) 10 dB Linewdith (MHz)
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Fig. 5.4. a) RF linewidth measured at 10 dB level below the maximum. RF spectrum (b) as function of ISOA at USA =
-1.1 V.

Fig. 5.4 (a) shows the RF peak linewidth measured at -10 dB level as a function of
ISOA and USA. At the low injected currents just above the threshold the laser exhibits
CW operation with amplitude instabilities. In the rest of the range of applied bias
conditions, a mode-locked state was maintained. However, depending on bias
conditions the linewidth varies from 290 kHz to more than 40 MHz. Increasing the
current to the SOA from 100-120 mA leads to a broadening of the RF linewidth till
40 MHz or more (dark red region in the middle) for the all applied voltages. When
the ISOA was increased further a significant reduction of the RF linewidth was
observed (dark blue region on the right). Fig. 5.4 (b) shows an example of how the
RF spectrum around the repetition rate changes with a scan of ISOA at USA = -1.1 V.
At the injected currents from 60 to 100 mA the RF spectrum represents a clear
narrow line (range 1), whose central frequency is drifting towards lower frequencies
with current. In [85] it was shown that such a significant change of repetition rate is
caused by variation in saturation processes in the SOA and SA due to the change of
optical power inside the cavity. Interestingly, in the case of the MIR based laser,
severe tuning of the fundamental frequency was also observed. But the trend was
opposite: as the current in SOA increases the RF peak shifts towards higher
frequency. As it was shown in [85] the detuning of the fundamental tone can vary in
opposite ways depending on the pulse energy. A further increase of ISOA leads first to
a broadening of the RF peak (range 2) and then a narrowing down (range 3).
Fig. 5.5 shows the examples of RF, optical spectra and AC traces measured at these
three ranges. The settings on the EDFA and autocorrelator were kept the same
during the current scan. The measured AC spectra (blue circles) are fitted by
Gaussian function (red curve). The optical spectra are shown using both a detailed
and a wide scale (second and third column in Fig. 5.5). In range 1 the PML exhibits
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a relatively broad RF peak and wide optical lines. When the laser enters range 2
(Fig. 5.5 (b)) the RF peak broadens even more and become asymmetric. The optical
spectrum in this range starts to show another group of modes with much narrower
linewidth. The envelope of the first group of modes is indicated by the red dashed
line in the optical spectra shown in both wide and detailed optical spectra. As can be
noticed from the wide optical spectrum plot, the new group of modes is shifted
towards longer wavelengths from the initial spectra shown by the red dashed line.
The RF and optical spectra measured in the range 2 indicate the presence of two
optical pulses of comparable intensity circulating in the cavity. The spectrum of the
RF baseband shows an increase of the power level (below 200 MHz) of 3 dB above
the noise level. When the current is increased further the laser enters the state in the
range 3 where low RF frequency components are suppressed and most of the optical
power is concentrated in the comb with narrow linewidth modes. In this range the
RF spectrum shows peak narrowed to 360 KHz with some background signal. The
increase of the current leads to the continuous broadening of the optical pulses.

Fig. 5.5. RF spectra (left column), detailed and wide optical spectra (second and third column) and AC traces
(right column) measured at USA = -1.1 V and ISOA 79 mA in row (a), 109 mA in row (b) and 139 mA in row (c).
This corresponds to operating point is range 1, range 2 and range 3 in Fig. 5.4 (b) respectively.

Similar behaviour was observed for other voltages applied on the SA. For USA = -1.8
V AC traces indicated the presence of the two unequal optical pulses. The reason of
these dynamical changes can be related to the use of a DBR grating which can
introduce significant dispersion, especially if the lasers operates at the edge of the
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DBR reflection bandwidth as well as the presence of additional reflection from the
edge of the chip.

5.4. Experimental results of tuning DBR
Tuning of the central wavelength of the optical comb is achieved by injecting
current in the DBR grating section. Due to the plasma effect the refractive index of
DBR grating changes, which leads to a shift of the Bragg wavelength towards
shorter wavelengths. However an increase of carrier density in the DBR section also
leads to an increase of the absorption through the excitation of electrons to higher
states in the conduction band. In addition to the DBR absorption, the SA absorption
is wavelength dependent as shown in Fig. 5.1 (c). When applying current on the
DBR its reflection band is tuned towards shorter wavelength, which leads to an
increase of the loss caused by the SA. Fig. 5.6 shows the measured dependency of
the optical power on the current injected in the DBR section for three values of the
current in the SOA, ISOA = 80, 107 and 138 mA at USA = -1.1 V. The decrease of
optical power with increasing IDBR was observed for all bias conditions presented.
Fig. 5.6 shows that with increasing SOA current the reduction of output power
becoming less pronounced. This can be explained by the intensity-dependent
behaviour of the SA, where light of higher intensity undergoes less absorption.
However, the change of the energy in SA and SOA section as well as spectral tuning
are causing significant changes in PML performance.

Fig. 5.6. Fiber coupled optical output power dependency on the IDBR for various currents injected in the SOA at
USA = -1.1 V.
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In order to investigate this aspect, the measurements of RF spectra, optical spectra
and AC traces were performed for a range of IDBR values at several fixed operating
conditions (ISOA and USA). For all of these conditions a tuning of the optical comb of
more than 9 nm towards shorter wavelength was obtained. Fig. 5.7 shows an
example of DBR tuning at ISOA = 80 mA USA = -1.1 V. The IDBR was scanned from 0
to 20 mA with a step of 1 mA. The RF peak at the fundamental frequency was
observed at every value of IDBR. Fig. 5.7 (a) shows that injecting current to the DBR
section leads to a repetition rate variation of more than 100 MHz, which can be
associated by the decrease of optical power in the cavity. It also leads to a narrowing
of the RF peak. At ISOA = 80 mA USA = -1.1 V no low frequency noise was
observed. Fig. 5.7 (b) shows the evolution of the optical spectrum, presented on a
linear scale. It shows the shift of the optical comb towards shorter wavelengths with
increasing IDBR. Fig. 5.7 (c, d) show the dependency on the DBR current of the
central wavelength and the 10 dB RF linewidth at the fundamental frequency.
Notice, that the RF linewidth is significantly decreased when the DBR current is
applied and the laser is tuned to shorter wavelengths.
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Fig. 5.7. RF spectra (a) and optical spectra (b) recorded as a function of IDBR over the range 0 to 15 mA. c) Central
wavelength of the optical comb, (d) 10 dB RF linewidth and (e) AC trace width dependency on the current injected
in DBR section. f) Measured (blue circles) and fitted by the Gaussian function (red line) AC trace at I DBR = 19 mA
g) Optical spectrum at IDBR = 19 mA. All the plots were measured at USA = -1.1 V and ISOA = 80 mA.

In order to confirm the presence of the mode-locking state we also investigated the
AC trace as a function IDBR. For the whole range of injected currents the AC trace
exhibits a background ratio of more than 30. Moreover, narrowing of the AC traces
was observed with increasing DBR current. Fig. 5.7 (e) shows the dependency of the
AC width, extracted from the fitting of AC width, on IDBR. The reduction of pulse
widths can be explained by a decrease of the intracavity power and therefore
pushing the laser operate closer to the threshold conditions. However, as the DBR
current increases, the AC width reaches 3.95 ps at IDBR= 19 mA, which is more
narrow than the one observed near the threshold current without biased DBR at USA
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= -1.1 V. The AC trace measured at IDBR = 19 mA and fitted by the Gaussian
function is shown in Fig. 5.7 (f) as blue circles and a red line respectively. It means
an optical output pulse with length of 2.55 ps and a time bandwidth product of 0.46
is achieved. In Fig. 5.7 (g) the optical spectrum indeed shows a near symmetrical
distribution of this near Fourier limited pulse. The tuning of the wavelength of the
short optical pulses results not only in a change of the absorption magnitude but also
in variation of the time response of SA. In [103] the time response of the saturable
Bragg reflector with a QW was characterized at different wavelengths. It was shown
that depending on the wavelength a different ratio between a fast (in the order of the
pulse duration or shorter) and slow contribution (longer than the pulse duration) in
the absorption recovery can be achieved. When the incident wavelength was below
the exciton peak wavelength the absorption recovery was mainly dominated by the
slow component. At the wavelength around the exciton peak and above, the fast
recovery process was more pronounced. As the wavelength of the incident light is
increased the absorption reduces and the total impact of the absorption temporal
response on the pulse shaping reduces. Thus, by tuning the DBR spectrum towards a
shorter wavelength a faster and a stronger saturable absorption can be achieved in
the SA. In addition the increase of absorption at shorter wavelength leads to the
decrease of the duration of the temporal window in which a net positive gain
remains. This also tends to reduce the noise after the pulse is gone. The data in Fig.
5.7 (d) show that indeed the RF linewidth is decreased down to 200 KHz, which is
less than minimum RF linewidth (290 kHz) obtained without tuning the DBR
spectrum.

5.5. Conclusions
The first tuneable integrated linear mode-locked laser with anti-colliding pulse
design was presented. The laser with 7.35 GHz repetition rate was designed using
standardized library components of a photonic integration technology platform. The
PML showed relatively poor performance when no current was applied to the DBR
section. Even though the laser layout repeats the one presented in [94] with the only
difference of using a DBR mirror instead of a broad-band MIR as an OC, the DBR
PML shows reduced stability over the all range of operating conditions. This may be
attributed to the tuning of the DBR with respect to the SOA and SA gain and
absorption spectra as well as the presence of feedback from the facet of the chip.
Carrier injection into the DBR section is needed to get to a good performance of the
laser. It leads to the total tuning range of 9 nm, which to our knowledge is the largest
tuning range achieved by integrated DBR mode-locked laser. It was demonstrated
that spectral tuning of the signal towards shorter wavelength leads to the significant
improvement of the signal in terms of RF linewidth, pulse duration and optical
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bandwidth, caused by the sharpened temporal response of the SA. Observation of
autocorrelation traces showed reduction of AC width down to 3.95 ps. Near Fourier
limited pulses were produced at the highest DBR current levels. The RF linewidth
measured at 10 dB level was reduced from 10 MHz down to 215 kHz.
These results can be used for future designs of DBR based PMLs. To continue the
investigation of the influence of the position of the optical spectrum on the PML
performance, the DBR reflection band can be designed to have an even shorter
central wavelength than the one presented here. To increase the optical spectral
bandwidth the DBR reflection band can be in principle be broadened by increasing
the strength of the grating. Technologically this is very challenging however but in
principle it can allow for a reduction of the optical pulse duration. However, the
influence of the dispersion in DBR grating is not yet investigated. In order to avoid
using DBR gratings the tunable filtering can be achieved by combining series of
Mach-Zehnder interferometer of different delay between arms similarly as it was
shown in [104]. A 60 nm tuning range of the CW laser wavelength was achieved by
varying the phase delay between the Mach-Zehnder interferometer arms. This
concept can be also used for mode-locked lasers realized in linear and in ring
configurations.
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Chapter 6.

Experimental and numerical study of gain
dynamics in a semiconductor optical amplifier

In this chapter we present a numerical and experimental study of the dynamic effects
in SOA. The numerical study was done using travelling wave models (PICWave and
FreeTWM). Measurements of the carrier lifetime were used to optimize the carrier
recombination parameters in the models. The characterization of the spectral
distortion of a picosecond optical pulse which propagated through the SOA was
used for model verification.

6.1. Introduction
Passive mode-locking is achieved when the SOA and the SA are saturated by the
optical pulse circulating in the cavity [37], [24]. And as it was shown theoretically in
[37] mode-locking can be maintained when the SOA is saturated at higher optical
powers than the SA. In order to avoid the perturbations after the pulse net gain has to
stay negative between the pulses. When there is no phase shift the boundary of the
mode-locking region is determined by the particular relation between small signal
gain and small signal absorption, and the pulse width is determined by the ratio
between energies in the SOA and the SA, and the bandwidth of the laser, which is
determined by both the gain and absorption spectrum.
However, in a semiconductor mode-locked laser the dynamic gain and SA saturation
cause a variation in time of the carrier concentration which therefore leads to a
variation of the phase over the optical pulse (self-phase modulation) [101]. As
described in [105] the self-phase modulation in combination with dispersion can
greatly reduce stability of the pulse train, broaden the pulses and lead to the
degradation of the mode-locking state.
The possibly to predict the boundaries of the stable mode-locking region plays an
important role for further application of PML in complex integration circuits.
To this purpose several modelling strategies have been developed and reported in
literature: Rate Equations (RE), Finite Differences in Time Domain (FDTD),
Travelling Wave Model (TWM).
The (RE) [106] modelling relies on the unidirectional regime of the laser and
neglects spatial effects, such as spatial hole-burning and carrier grating effects [107].
The (FDTD) method is based on solving Maxwell’s equations in three dimensions
and it allows resolving the electromagnetic fields with spatial resolutions below a
wavelength and in time it allows to follow the fast relaxations of individual
transitions [108], [21]. However, in order to study mode-locked lasers dynamics
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which settles over several tens of nanoseconds, FDTD method requires very high
computational power and time-consuming simulations.
The Travelling Wave modelling approach consists of describing the dynamics of the
light – matter interaction by spatially resolving the propagation of the optical field
under the slowly varying amplitude approximation. It involves a decomposition of
the field into two travelling waves with opposite direction. This approach allows for
the resolution of the optical field on the scale of an integer number (e.g. ten) of the
central wavelength in the device and the incorporation of inhomogeneous
distributions of material variables.
However, in order to implement any of the modelling strategies, detailed knowledge
about the coupling between the light and the active medium is required.
In this Chapter we are going to evaluate two models both based on travelling wave
approach and both are implemented in software packages. One of them is Free
Travelling Wave Model (FreeTWM). This software is developed by the J. Javoloyes
(Department de Fisica, Universitat de les Illes Baleares) and S. Balle (Institut
Mediterrani d’Estudis Avançats). The description of the material response is based
on the introduction of a quasi-equilibrium susceptibility which includes both
amplitude and phase terms. The description of the model was already presented in
Chapter 2.
Another one is PICwave. This is a commercial software package for modelling
photonic circuits produced by Photon Design. The material- light interaction is
based on the introduction of an amplitude gain and phase that are dependent on
frequency and carrier density. The coupling between the phase and gain is
implemented through the phenomenological alpha parameter.
In this chapter the self-phase modulation effects are studied experimentally and
numerically. First we optimize the spontaneous recombination parameters for both
software and then use them for the calculation of the carrier density in the simulation
of short pulse propagating through the SOA. The experimental results will be
compared with the results of simulations, obtained from both software packages.
The chapter is organized as follow: in section 6.2 we briefly discuss the PICwave
model. In section 6.3 the measurements of the differential carrier lifetime in the
SOA as a function of current density are presented. The results of these
measurements are used to fit the spontaneous emission and Auger carrier
recombination parameters used in the models. The experimental setup and main
results of the SOA carrier lifetime measurements are presented in section 6.4. In the
last section we present simulation results and comparison with the experiments.
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6.2. Model description of PICWave
In this section the basic equations that are used in the PICWave photonic integrated
circuit simulator of Photon Design will be discussed. PICwave allows one to
construct circuits including a large number of various passive components as well as
semiconductor optical amplifiers and saturable absorbers. The simulator can
generate the time-domain and frequency-domain characteristics of a device. The
modelling takes into account the epi-layer and waveguide structure and describes the
behaviour of the complete device structure in terms of the time dependent behaviour
of the propagating waveguide transverse modes. According to the software manual
the partial differential equations used in the model can include such physical
processes as spectral-hole burning, spatial hole-burning in the lateral and
longitudinal direction, non-linear gain, and free-carrier absorption.
6.2.1. Electrical field equations
Since this simulator is also based on the travelling wave method, the electrical field
is decomposed into fast and slow contributions of the fields travelling in two
different directions:

E ( z, t )   E ( z, t )e(iq0 z )  E ( z, t )e( iq0 z )  e( i0t )  c.c .,

(6.1)

where the fast part exp(𝑖(𝜔0 𝑡 − 𝑞0 𝑧)) oscillating on central frequency 𝜔0 is
removed.
The propagation of forward and back traveling optical amplitudes along z-direction
is then described using a pair of advection equations:
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where 𝜐𝑔 is the local group velocity, 𝑔 is the carrier density dependent modal gain, 𝛿
is the detuning term from central frequency ω, 𝜅 is the grating coupling, 𝐹𝑝 is the
spontaneous emission amplitude with a random phase.
The modal gain 𝑔 is computed from the overlap of the waveguide mode profile and
the material gain profile, obtained experimentally. To use experimental gain data in
the time-domain TW model, the material data gain spectra for different carrier
densities should be fitted to a shape described by multi-Lorentzian shape. The gain
model produced by the fitting describes the material gain for the range of carrier
densities from 0 to the maximal imported carrier density. The spectral range at
which the gain model works is determined by the time step of the simulation. In
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following sections we will use a PICwave SOA building block which was optimized
for the SOA fabricated in Oclaro.
The amplitude-phase coupling in PICwave is included in the field equations as a
term 𝛿 and it is be described using the linewidth enhancement factor (alpha-factor):

Δ  hΔg ,

(6.3)

where ∆𝛽is the change in the mode propagation constant with carrier density, 𝛼ℎ is
the alpha factor, ∆𝑔 is the change in modal gain with carrier density.
6.2.2. Carrier density equations
An active section can consist on one or several active layers, each of them is divided
laterally into one or more core cells. For each of the core cells the carrier density is
determined by the rate equation:

dNe
Ne
1 dP
J


  FN  lateral diffusion,
dt
VN dt  s  Ne  ed

(6.3)

where 𝑁𝑒 is the carrier density, 𝑃 is the photon density, 𝑉𝑁 is the volume of the
active layer N volume, 𝜏𝑠 is the spontaneous recombination life time, which is
determined from the radiative and non-radiative recombination, 𝐽 is the injected
current density, 𝑑 is the active layer thickness, 𝐹𝑁 is the carrier injection and
recombination noise. Using the lateral discretization allows for the inclusion of such
effects as lateral diffusion and lateral spatial-hole burning.

6.3. SOA carrier lifetime measurements
Both amplification and self-phase modulation are dependent on the carrier density
and its energy distribution within the valence and conduction band. The carrier
density and distribution are influenced by the interband and intraband transitions.
Among others the interband transition rate is determined by the injected current,
carrier recombination stimulated by the incident optical signal, amplified
spontaneous emission (ASE), non-radiative recombination on the defects, bimolecular recombination and Auger recombination. The last three processes can be
described as a cubic dependency on carrier density with characteristic coefficients
A, B, C. Both software packages describe spontaneous recombination using typical
values for the recombination parameters (A, B, and C) taken from literature. In this
section we present the measurements of the differential carrier lifetime in the SOA
for different injected currents and we will use these results to verify and improve the
spontaneous recombination parameters for further use in the simulations.
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The measurement method to determine the differential carrier recovery time is based
on the measurement of the effective gain recovery time for different power levels of
the input CW single frequency probe signal. In the same time the SOA is crosssaturated by short optical pulse train. The rate equations of the carrier density in the
active section of the SOA that is used in the analysis of the measurement is written
as follows (as derived in [109]):

P
P
dN I N
   F N  1 F N  2 ,
dt e  e
h 1
h 2
 a

(6.4)
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where 𝑁 is number of carriers, 𝑒 is electron charge, 𝜏𝑒 is carrier lifetime, 𝑃1 and 𝜈1
is the power and frequency of the CW probe beam, 𝑃2 and 𝜈2 is the power and
frequency of the pump short pulsed signal, 𝐴 is the area of the active section, a is
gain coefficient,

N 0 is the transparency carrier density,  is the passive loss in the

SOA, L is the length of the SOA.
The steady state value of the carrier density under injection of the CW signal is
denoted 𝑁𝑠 . When the short pulse enters the SOA the carrier density 𝑁 quickly
reduces to some value 𝑁𝑖 and then recovers back to the 𝑁𝑠 when the pulse is gone. If
the disturbance from the steady state is small the 𝐹(𝑁) can be approximated by the
first order Taylor series. In this case the rate equation is written as:
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where the linear function 𝐹′(𝑁) is written as:
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Gs is a steady-state gain. The solution of this equation is an exponential

function with the effective recovery time:
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By measuring 𝜏𝑒𝑓𝑓 for various CW probe signal power levels the carrier lifetime 𝜏𝑒
can be determined.
The experimental setup for the measurements of the carrier recovery time of the
SOA is presented in the
Fig. 6.1. This characterization technique was presented by M. Hill in [109]. The
pulse from the femtosecond laser source (FSL) is filtered by the bandpass filter
BPF1 (bandwidth 1 nm) and coupled via the circulator (C) to the SOA. From the
other side the signal from a tunable laser source (TLS), the intensity of which was
controlled by an attenuator was injected into the SOA via a polarisation controller.
After propagating through the SOA the low power CW signal that is cross-saturated
by the 80 MHz pulse train was recorded using a 30 GHz bandwidth photodetector
and sampling scope. In order to separate the CW signal and possible reflections of
the short pulses from the circulator a second tunable filter was used (BPF 2) with the
maximum power 13.4 dBm before entering the chip.
a)

b)

SOA
400 µm

300 µm

800 µm

Fig. 6.1. a) Experimental setup for the characterization of the gain recovery time. The experiment was performed
using a CW signal generated by the single longitudinal mode tunable laser source (TLS) and a short optical pulse
signal generated by the femtosecond laser source (FSL). Pulses from the femtosecond laser source (FSL)
broadened by the band-pass filter (BPF1) were injected into the SOA. The amplified CW signal generated by the
tuneable laser source (TLS) was coupled into the SOA and recorded by the sampling scope. b) Mask layout of the
test structure used in the experiment.

The test structure used in this work consists of three active sections (800 µm, 300
µm and 400 µm) and angled passive waveguides that are used for input and output.
The mask layout is shown in
Fig. 6.1 (b). The facets of the chip have AR coating. The total length of the chip is
6 mm. These test structures fabricated by Oclaro for a separate Dutch funded
project, Memphis run 2 (cell A3, B1140, chip number 3), were used.
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We performed the measurements for four injected currents and in 20 dB range of the
CW probe signal power. Since 𝜏𝑒𝑓𝑓 is usually is in the order of hundreds of ps, the
SOA was fully recovered between the picosecond pulses which arrive every 12.5 ns
(80 MHz repetition rate).

Fig. 6.2. The modal gain of the SOA as a function of time while the saturation by the short optical pulse. Blue
circles represent the data extracted from the experiment and the red curve is fitting by the exponential function.

In Fig. 6.2 an example of a measurement result of the modal gain of the SOA which
 I (t ) 
ln  out

I in 
experience the CW signal. The gain was calculated as G (t )  
 .
L
The gain dependency (blue circles) is fitted by the exponential function (red line).
The dependency of the 𝜏𝑒𝑓𝑓 on the CW probe input signal power is shown in Fig.
6.3. The black circles represent the data extracted from exponential fitting of the
gain recovery curves. The dependency is fitted by the linear function (6.9) (black
line).
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Fig. 6.3. The dependency of 𝝉𝒆𝒇𝒇 on the power of CW holding beam (circles) fitted by linear function (6.10) (line) at
2187 A/cm2 current density. The carrier recovery time in this example is 284 ps.

In this way the differential carrier lifetime was measured for 1250 A/cm2,
1562.5 A/cm2, 1875 A/cm2, 2187 A/cm2 current densities. The differential carrier
lifetime for these current densities are 583 ps, 463 ps, 358 ps and 284 ps
respectively.
Since in these experiments the carrier density disturbance is small, the measured
carrier lifetime is the value that is correct for a particular current injection level and
related carrier density. In other words, the carrier recombination for large
disturbances is not exponential since the carrier recombination rate is carrier density
dependent. One can use the common expression for the carrier recombination rate
𝑅 = 𝐴𝑁 + 𝐵𝑁 2 + 𝐶𝑁 3 to calculate the differential carrier lifetime 𝜏𝑒 we have
measured. This can be expressed as [110], [111]:

1 R

 A  2 BN  3CN 2 .
e N

(6.11)

Where recombination rate includes recombination on defects, bi-molecular
recombination and the Auger recombination. In principle, the carrier density can be
calculated using the differential carrier lifetime dependency on the injection current
[111] if the carrier injection efficiency is known. In this case the carrier density is
I1

calculated from the integral

Ne 

 (I )

 eV  ( N )dI ,
e

0
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e

where  ( I ) is the current

injection efficiency, I is the injected current,

I1 is the current at which carrier

density is calculated and V is the volume of the QW. However, to calculate this
integral the differential lifetime dependency should be extrapolated to zero current.
Depending on the function which is assumed for extrapolation the resulting carrier
density significantly varies. Another issue is that the injection efficiency of the
SOAs we studied is not known to us. For the calculation of the carrier density
PICwave uses the special electrical model which takes into account the lateral
diffusion of the carriers and leakage current. Since, we did not have the information
regarding the carrier injection efficiency the following was done. We compared the
experimental results of the carrier lifetime 𝜏𝑒 with the carrier lifetime calculated
using A, B and C parameters used by PICwave and the carrier density calculated by
PICwave for each injected current. After several rounds of optimization of the B,
and C an agreement between experimental and simulated 𝜏𝑒 was achieved. The
spontaneous recombination parameter A didn’t significantly influence on 𝜏𝑒 . The
average carrier density for 1250 A/cm2, 1562.5 A/cm2, 1875 A/cm2, 2187 A/cm2
current densities were 1.36·1024 m-3, 1.477·1024 m-3, 1.578·1024 m-3 and 1.669·1024
m-3 respectively and B = 10-16 m3s-1, C = 10-40 m6s-1. Fig. 6.4 shows the dependency
of the lifetime obtained from the experiment (black) and the lifetime calculated
using the PICwave carrier densities (red). Both dependencies show a reduction of
the carrier lifetime with the injected current density.

Fig. 6.4. Differential carrier lifetime dependency on the current density. The black symbols represent data
obtained from the experiment and the red symbols represent the lifetime obtained from PICwave simulation.
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However, the carrier lifetimes simulated by PICwave are higher and have less steep
dependency on the injected current density than the lifetime obtained from the
measurements. This can be caused by the presence of a larger amount of ASE in the
experiment compared to the simulation. The ASE plays the role of a CW probe
signal and therefore decreases the gain recovery time calculated from the
experiment. When the injected current is low the difference between the measured
and simulated 𝜏 is small. The increase of the current leads to the increase of the ASE
power and thus a reduction of the SOA recovery time. The optimized A, B, C
parameters were used further for studying the self-modulation effects in SOA.

6.4. Self-phase modulation: characterization
In [1] it was shown that even if the short optical pulse shape remains the same after
the propagation through the SOA its spectrum can be distorted considerably. Due to
the phase-amplitude coupling the pulse will experience a frequency shift
proportional to the change in nonlinear phase change [71]. Using the formalism of
the alpha-factor the frequency shift and the temporal gain can be written as:

∆𝑓(𝑡) = −

1 𝜕𝜑
𝜕𝐺
~𝛼
2𝜋 𝜕𝑡
𝜕𝑡

If the derivative of the gain is negative, the chirp over the pulse is also negative
which means that the instantaneous frequency is down shifted over the pulse. In this
case a red shift of pulse spectrum is observed. In [71] and [1] it was shown that in
addition to the red shift the optical spectrum of the pulses undergoes structural
changes. The spectrum becomes asymmetrical and due to the interference effects
between two distinct points of the pulse which have the same instantaneous
frequency the spectrum gets an oscillatory structure. In addition to SPM effects the
optical spectrum is sensitive to the gain dispersion [112].
In this section we report on an investigation of the spectral characteristics of the
pulse amplification of a picosecond pulse in the SOA in order to compare the
experimental results with those obtained numerically from the PICwave and
FreeTWM simulators. In this experiment the same test structures as in the Section
6.3 SOA carrier lifetime measurements were used.
The chip with test structures was mounted on a temperature-controlled copper chuck
at 18° C. The output light was collected using lensed fibers with antireflection
coating. The experimental setup for the measurements of the short optical pulse
propagating through the SOA is shown in Fig. 6.5. A 150 fs long optical pulse
generated by a fibre laser (FSL) was first sent to a tunable band-pass filter (BPF) of
around 1.5 nm bandwidth to filter out a small section of the spectrum and which
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gives a ps pulse. In this case the pulse duration was increased up to 2 ps. The pulse
duration was checked using an autocorrelator. The power and polarisation of the
signal were controlled using an attenuator (Att) and a polarisation controller (PC),
after which the pulse was injected into the SOA using an oriented polarisation
maintaining fibre. The optical spectrum of the propagated short pulse was recorded
using a HP spectrum analyser with resolution of 0.1 nm.

Fig. 6.5. Experimental setup for the characterization of the short optical pulse propagated through the SOA. The
signal generated in a femtosecond laser source (FLS) was sent through the band-pass filter (BPF), attenuator (Att)
and polarisation controller (PC) to the forward biased SOA. The optical spectrum was recorded with an optical
spectrum analyser.

Fig. 6.6 shows an example of the a) optical spectrum of the input pulse and b)
optical spectrum of the pulse after the propagation through the SOA. The SOA was
biased with 1875 A/cm2 current density. The input signal was centered at 1536.5
nm, which is near the center of the gain peak at this current density.

Fig. 6.6. a) The spectrum of the optical pulse before propagation through the chip. b) Optical spectrum of the
pulse propagated through the chip and coupled into the fiber. The current density injected into SOA was 1875
A/cm2.

The transmitted spectrum reveals the shift over 0.7 nm towards longer wavelength as
well as appearance of the spectral component at the high energy side of the
spectrum. The background signal on the Fig. 6.6 (b) is caused by the presence of
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amplified spontaneous emission (ASE). The asymmetry of the output pulse is caused
by the asymmetry of the temporal pulse profile caused by the SOA saturation.
The transmission spectra were measured under the 20 dB range of input power. The
input peak power level of the pulses from the lensed fibre was. Assuming 5 dB
coupling loss and 2 dB loss in the passive waveguide to the SOA the maximum peak
input power to the SOA used is estimated -22 dBm.

Fig. 6.7. Transmission spectra evolution with the input power of the pulse for 1875 A/cm2 current density.

Fig. 6.7 shows the spectral evolution with the input power for 1875 A/cm2 current
density. At low input powers the output spectrum does not show any reshaping and
spectral shift. When the input power increases the spectral shift appears and
increases with the input power. When the attenuation is -7.5 dB the spectrum starts
to exhibit a spectral component at the shorter wavelength side which becomes more
pronounced with input power.

6.5. Self-phase
experiment

modulation:

comparison

model

and

6.5.1. PICWave
In this section we present the numerical results obtained from the simulation using
the Oclaro SOA building block implemented in PICWave. The SOA length was
taken 1500 µm.
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The figures below represent the experiment and simulated spectrum of the short
optical pulse of 2.5 ps with peak intensity of 35 mW after propagation through the
Oclaro SOA.

Fig. 6.8. Simulated spectrum of the incident optical pulse (a). b) shows output spectra of the pulse after
propagation through the SOA simulated in PICwave.

The incident pulse has 2.5 ps duration and has a spectrum centered at 1536.5 nm
(Fig. 6.8 (a)). The applied current density into the SOA was set at 1875 A/cm2. Fig.
6.8 (b) presents the output spectrum after propagation through the SOA and passive
waveguide and including the coupling loss. The phase-amplitude coupling in
PICwave is represented through the linewidth enhancement factor (α-factor). In
[112] it was shown that the approach based on the use of an α-factor allows for
prediction of the red-shift caused by the self-phase modulation effect as well as
reshaping of the optical spectrum. According to literature reports α-factor varies
between 2 and 7. So, after optimization of the α-factor to 4.5 we achieved an
agreement between the experimental and simulated output spectrum for 1875 A/cm2
current density in terms of the optical spectrum distortion and the shift of the central
wavelength. However, the simulated output spectrum in Fig. 6.8 (b) has a less
pronounced spectral feature on the short wavelength side and more asymmetry in the
spectral shape than it was observed in experiment. In [71] it was shown that
theoretically different input pulse shapes result in different spectral distortion.
However, the measurements of autocorrelation trace and optical spectrum didn’t
allow to determine the pulse shape sufficiently accurate. We expect that the
disagreement stems from the difference in pulse shape in the model and the
experiment.
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Fig. 6.9. Simulated evolution of the optical spectrum using PICwave and the SOA Oclaro building block with
attenuation power level for the current density 1875 A/cm2

The Fig. 6.9 shows the calculated evolution of the output optical spectrum with the
input power at 1875 A/cm2 injected current density. These simulations confirm the
dependencies obtained from the experiment. The influence of SPM grows with the
injected power due to steeper saturation of the gain and thus leads to the increase of
the red shift. The increase of the input power also leads to a more asymmetrical
spectrum and appearance of another peak at the high energy side of the spectrum.
However, in the simulations this peak appears at higher input powers and the
intensity of this peak is much lower than it was observed in the experiment.
6.5.2. FreeTWM
In this section we present results obtained from FreeTWM simulations. Simulations
of the short optical pulse propagated through the 1.5 mm SOA were performed. The
parameters required for the SOA properties description were taken to be the same as
those used in Chapter 2.
As it was described in Chapter 2 the model used in FreeTWM does not employ the
alpha-factor. The phase-amplitude coupling is modeled through the complex
susceptibility 𝜒(𝜔, 𝑁), which is a function of a number input parameters describing
the gain spectrum as a function of carrier density as well as frequency 𝜔 and carrier
density 𝑁. As an input for the injected current density the software requires the
knowledge of the carrier density in the QW. Since we do not know the injection
efficiency we used the carrier density values calculated by PICwave. The duration of
the optical input pulse to the SOA pulse was taken to be sech2 2.5 ps long. The peak
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power was varied over a 20 dB power range with a maximum peak power of 35
mW. Fig. 6.10 shows the input (a) and output spectrum (b) simulated by FreeTWM.
The output spectrum is shifted towards longer wavelengths over 0.6 nm and it
reveals a spectral component at the high energy side of the spectrum.

Fig. 6.10. Calculated spectrum of the incident optical pulse (a). b) shows output spectra of the pulse after
propagation through the SOA simulated in FreeTWM at 1875 A/cm2.

Fig. 6.11. The simulated evolution of the output spectrum using FreeTWM with input power attenuation for the
current density 1875 A/cm2

Fig. 6.11 shows the simulated output spectrum as a function of the power attenuation
level at 18.75 A/cm2. When the input power increases the shift of the output
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spectrum increases and the spectral component appears at the shorter wavelength
side of the spectrum. However, this component is less pronounced in comparison to
the one in the experimentally observed output spectrum. The spectral shift obtained
at this input power is 0.65 nm.

6.6. Conclusions
In this Chapter we have presented numerical and experimental investigations of the
carrier lifetime in an SOA and the self-phase modulation effects when a short optical
pulse propagates through the same SOA. The experiments were performed on an
SOA in a photonic integrated circuit fabricated in the Oclaro platform technology.
This work was performed in order to verify the PICwave Oclaro SOA building block
model and the FreeTWM model. The experimental work included measurement of
the differential carrier lifetime for different injected currents and the characterization
of amplification and spectral reshaping of a short optical pulse propagating through
the SOA.
The carrier lifetime measurements allowed verification of the spontaneous
recombination parameters (A, B, C) used in the models. The experimentally
obtained and calculated differential lifetimes are of the same order of magnitude and
show a decrease with injected current. The remaining difference between PICwave
building block simulations and the experimental result is attributed to the presence
of ASE. The presence of ASE was not taken into account in the carrier lifetime
extraction from the experimental data.
The experimentally obtained transmission spectra of picosecond pulses amplified in
the SOA show that the self-phase modulation and amplifier saturation lead to two
main changes in the optical spectrum. The first is a shift of the optical spectrum
towards shorter wavelengths and the second is the appearance of a spectral
component at the high energy side of the spectrum. The transmission measurements
were done for a range of power levels for the input signal. It was shown that an
increase of the intensity of the pulse leads to an increase of the spectral shift and a
more pronounced additional spectral component. The characterization results of the
spectral reshaping of the pulse caused by the SPM effect shows quantitative
agreement with simulation results from both PICwave and FreeTWM program on
the aspects of the spectral shift dependency on the intensity of the input optical
pulse. However, the experimental results show a more pronounced oscillatory
structure of the spectrum on the short wavelength side in comparison to the
simulation results. This can be caused by the difference in shape of the input pulse
used in the simulation and that in the experiment.
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Chapter 7.

Library of passively mode-locked lasers

In this chapter we present a description of a library of passively mode-locked lasers
(PMLs). The library includes a number of PMLs fabricated in Oclaro,
COBRA/Smart Photonics and HHI platform technology. The PMLs were designed
in order to achieve improved performance and to fulfil certain requirements in terms
of repetition rate, tuneability and optical output power. The chapter includes a
description of the PML designs, PML mask layouts and software that allows for the
simulation of PMLs.

7.1. Introduction
In integrated photonics, as in micro-electronics, a broad range of complex circuits
can be realized using a small set of standardized components, so called basic
building blocks. The collection of Basic Building blocks (BBB) for a particular
foundry form a library. More complex devices, such as lasers and modulators, can
be grouped into a library of composite BBs (CBBs). This approach enables one to
design a large variety of complex optical devices relatively fast by combining
building blocks into a single circuit from various libraries. As pointed out in the
previous chapters there is large variety of the PICs which require a PML as a source
either of short pulses or a wide coherent optical comb. Depending on the circuit
functionality and application the requirements for the PML can differ significantly.
E.g. for high speed gas-spectroscopy applications the pulse repetition rate
determines the spectral resolution and should not exceed several GHz for measuring
simple molecules. For a wavelength division multiplexing source the repetition rate
has to match the spacing between the communication channels which is typically in
the order of tens of GHz. For some circuits, such as WDM systems, control of the
spectral position of the optical comb is of high importance. However, designers of
the complex PICs dedicated to a particular application may not necessarily want to
be involved in the details of PML design and performance. Thus, in order to
simplify the PIC design process PMLs of different functionalities can be also
combined in the libraries to form composite building blocks.
Ideally the laser library component should be realized as a module where the
designer can introduce particular input parameters and receive either a mask layout
of the laser and/or input file(s) for the circuit simulation software packages. A first
choice for the designer is a fabrication platform. A second is a choice is the cavity
configuration, e.g. ring or linear resonator, presence of a DBR grating, phase
modulators or passive filters. The output parameters such as repetition rate or output
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wavelength also can be chosen by the designer. There are number of aspects which
complicate the development of such a laser module. One of these originates from the
difficulty to predict PML performance. In order to proceed with development of the
laser library the following steps need to be taken:
1. Experimental confirmation of obtaining mode-locking state in the lasers
fabricated in generic foundries.
2. Characterization of a series of PMLs with different parameters. An example
of such a series of lasers is presented in Chapter 2.
3. Verification of the existing models. The results of the measurements and
simulations of dynamic properties of the gain section were presented in the
previous section. However, in order to use the models for the laser library
further verification based on comparison of the experimental and simulation
data a series of PMLs with different parameters has to be done.
4. After the models are verified, simulation results from the best suitable model
will be used for the ‘interpolation’ of laser output characteristics as a
function of laser parameters.
Afterwards these simulation results can be used to create a phenomenological model
included in the circuit simulator. In the previous chapters various PMLs have been
presented with advanced designs and with different properties fabricated in the
Cobra and Oclaro platform. In the Chapter 2 we presented the characterization of a
series of the ring PML with 16, 18 and 20 GHz repetition rates. These results can be
used for the further model verification and subsequent laser module development.
At this stage the laser library is presented as a database with PML designs which
were already characterized and proven to work. A designer can choose a proven
PML design from the database to realise a more complex PIC in which the PML can
have a large variety of functionalities.
In this Chapter we present the library of the PML which were fabricated in one of
the three fabrication platforms - Oclaro, COBRA and HHI. The library is presented
as an online service, where the designs of PMLs and description of the properties are
stored.
The PML library is available in [113]. This online library includes a description of
the designs which were fabricated and their mask designs. The lasers are sorted by
their functionality and foundry in which they were designed. The list of designs
includes ring mode-locked lasers of various repetition rate, tuneable DBR based
linear lasers which can operate in anti-colliding configuration, linear PML with
MIRs, unidirectional ring PMLs and ring PMLs with an intracavity gain-flattening
filter. In the next section the PMLs that were designed in the different platforms are
presented. In the third section we present description of the software, which allows
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for PML modelling. In the last section we present a summary and future work which
needs to be done to further develop the library of passively mode-locked lasers.

7.2. Different geometries and functions of the PML
In this section the passive mode-locked lasers of different geometries which were
designed to meet such goals as variety of repetition rates, optical tuneability, pulse
duration and others. Also this section includes lasers that were designed to improve
the performance of PMLs in terms of stability, optical bandwidth, pulse duration and
output power.
7.2.1. Passively mode-locked ring lasers with various repetition rates
In this section we present the designs of ring mode-locked lasers which allows to
vary the repetition rate by adding the additional passive waveguide into the cavity.
Since there is no gain present in the passive waveguide the self-phase modulation
effect is reduced compared to all active ring laser designs.
In the Chapter 2 three passive mode-locked lasers of 16, 17.7 and 20 GHz were
presented. These PMLs were designed in a colliding-pulse symmetrical
configuration and realised in the Oclaro foundry (run 1). The different repetition
rates were achieved by adding the passive waveguide and varying the length of SOA
in order to compensate the intracavity losses caused by additional passive waveguide
length. Fig. 7.1 shows (a) the mask layout of the 20 GHz PML and RF spectra of the
16, 17.7 and 20 GHz PMLs. As it was shown in Chapter 2 all three lasers were
operating in a mode-locking state for the wide range of operating conditions,
however the 20 GHz PML showed wider region of stable mode-locking. This can be
attributed to the fact that 20 GHz has shortest SOA and therefore the effect of the
self-phase modulation is reduced. The measurements of these lasers shown that
repetition rate can vary in the range up to 100 MHz due to the pulse reshaping in the
saturated gain and SA section [75]. Therefore in order to achieve an exact value of
repetition rate the operating conditions have to be modified. Another way to
accurately control repetition rate is to use a hybrid mode-locking scheme. In such a
scheme an RF signal of a particular frequency is applied on the SA and force the
laser operate at this frequency. However, the locking range is a function of the
applied RF power and it is limited to at most a few percent of the repetition rate
[114].
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a)

b)

Fig. 7.1. a) Mask layout of ring mode-locked laser realized in symmetrical colliding-pulse configuration. b) RF
spectra of three PML of 16, 17.7, 20 GHz repetition rate.

Several PML designs of ring colliding pulse mode-locking lasers were realized in
the COBRA/Smart Photonics platform (run 5 and run 7). In Chapter 1 the results of
the characterization of 20 GHz COBRA PML were presented. Due to the lower
passive waveguide losses than those of Oclaro waveguides and possibility to include
a shorter SA section (30 µm) the laser was designed with shorter SOAs than those of
Oclaro 20 GHz laser. Mode-locking was achieved for a wide range of operating
conditions. The repetition rate of this laser showed a dependency on injected current
and applied voltage similar to that observed in the Oclaro PMLs. The repetition rate
could be changed in the range of 100 MHz.
Mode-locking at 2.5 GHz repetition rate was achieved in a 33 mm ring PML
fabricated in COBRA integration platform. This PML was designed by S. Tahvili
for dual comb spectroscopy. The mask layout is shown in Fig. 7.3 (a). The cavity is
formed by two 725 µm long SOAs, a 50 µm SA, 25 µm long electrical isolation
sections, and two 800 µm long electro refractive modulators (ERM) and a deeply
etched passive waveguide and 2x2 MMI coupler. The ERMs were used for
positioning of the optical modes. Fig. 7.3 shows the RF spectrum measured from
2.5 GHz COBRA PML. The RF spectrum depicts the RF peak at 2.5 GHz and its
overtones. Such a rate is up to the our knowledge the lowest demonstrated so far
from a quantum well based InP monolithically integrated ring laser. Moreover, the
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laser shows good performance in terms of suppression over the low frequency
components (more than 50 dB) and a low fundamental peak linewidth (6 kHz). More
characterization results are presented in [53].

Fig. 7.2. a) Mask layout of the 20 GHz ring mode-locked laser realized in the COBRA fabrication platform. b)
typical RF spectrum of the PML which shows fundamental peak at 20 GHz.

Fig. 7.3. a) Mask layout of 2.5 GHz PNL realized in COBRA platform (designed by S. Tahvili). b) RF spectrum of
this PML which shows the 2.5 GHz fundamental RF peak and higher order overtones.

Ring lasers with various repetition rates were designed in the Oclaro, COBRA and
HHI platform. The list of the designed PMLs of different repetition rates and
different SOA and SA length is presented in Tab. 7.1.
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Repetition rate
16 GHz
17.7 GHz
20 GHz
2.5 GHz
5 GHz
10 GHz
10 GHz
10 GHz
10 GHz
5 GHz
5 GHz
12.5 GHz

Total SOA
length
1650 m
1500 m
1250 m
3000 m
2000 m
1950 m
1700 m
1300 m
650 m
3000 m
3000 m
650 m

SA length

Integration platform

50
50
50
100 m
100 m
100 m
50 m
50 m
50 m
150/100/50 m
150/100/50 m
40 m

Oclaro (run1)
Oclaro (run1)
Oclaro (run1)
HHI (run1)
HHI (run1)
HHI (run1)
HHI (run1)
HHI (run1)
HHI(run1)
Oclaro (run2)
Oclaro (run2)
COBRA (run 7)

Tab. 7.1. Table of ring PML of different repetition rates designed in HHI, Oclaro, COBRA platforms.

7.2.2. Linear passively mode-locked lasers with MIRs
Colliding pulse mode-locking configuration can be also realized in linear geometry
with MIRs. The advantage of linear geometry over the ring one is that it occupies
less space on the chip and it can be spectrally tuneable by using the DBR grating as
a mirror. In the chapter 3 we demonstrated the performance of the linear 7.5 PML
which is switchable between the ACPML and SCPML configuration.

Fig. 7.4. Mask layout of 7.5 GHz linear mode-locked laser.

Fig. 7.4 shows mask layout t of the 7.5 GHz linear PML. The cavity is formed by
50 % MIR, 100 µm SA, 2 mm SOA, passive waveguide, another 100 µm SA and
100 % MIR. The second SA is used to achieve switching between ACPML and
SCPML schemes.
7.2.3. Tuneable linear anti-colliding passive mode-locked lasers
For the applications where the PML is used as a frequency comb, e.g. WDM
systems and sensing schemes, it is important to meet the requirements of the precise
wavelengths of the laser modes. One of the ways to achieve wavelength tunability is
to use wavelength dependent mirrors, based on distributed Bragg reflectors (DBR),
the reflectivity of which can be tuned with injected current. It was shown previously
[97], [99] that a tunability of 4-6 nm while maintaining a mode-locked state can be
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achieved with a DBR grating. As it was shown in Chapter 2, the spectral position of
the optical comb of the PML can vary significantly over the operating range. The
use of DBR laser allows to stabilize the optical comb in the case when operating
conditions are being changed for example when adjusting the repetition rate using
the SOA injection current. Another advantage of the DBR is the possibility to
change its reflectivity in the laser design by variation the length of DBR.
5.5 mm
SA

SOA
MIR

DBR
Fig. 7.5. Mask layout of tuneable 7.5 GHz linear tuneable mode-locked laser.

Fig. 7.5 shows the mask layout of the 7.5 GHz linear DBR mode-locked laser which
is switchable between SCPML and ACPML configurations. The design employs
similar dimensions of the PML with two MIRs. The 100% MIR is used as an end
mirror. It was shown in Chapter 2 that the optical spectrum can be tuned over 9 nm
by applying current in the DBR section. The injection of current into the DBR
section leads to a shift of the optical spectrum towards deeper SA absorption. This
results in an improvement the PML performance in terms of RF linewidth and pulse
duration.
The DBR lasers of different repetition rates were designed in Oclaro and HHI
platforms.
5.5 mm
MIR

SA
SOA

DBR

Fig. 7.6. Mask layout of the 5 GHz linear DBR mode-locked laser realized in Oclaro foundry.

Fig. 7.6 shows a mask layout of the DBR PML designed to have a 5 GHz repetition
rate. This laser was not yet characterized when this overview was compiled.
Similarly to the PML shown in Fig. 7.5, this laser was designed to be switchable
between SCPML and ACPML configuration. The series DBR PMLs with different
mirror reflectivity and different repetition rates were designed in Oclaro (run 2) and
are listed in Tab. 7.2.
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Repetition rate
7.5 GHz
7.5 GHz
7.5 GHz
7.5 GHz
5 GHz
2.5 GHz

SOA length
2000 m
2000 m
2000 m
2000 m
2500 m
2500 m

SA length
100 m
100 m
100 m
50 m
100 m
100 m

DBR reflectivity
50 % DBR
20% DBR
5 % DBR
50% DBR
50% DBR
50% DBR

Tab. 7.2. Table of tuneable DBR PMLs designed in the Oclaro platform.

7.2.4. Passive mode-locked laser with tuneable bandwidth and pulse
duration
In Chapter 3 the theoretical study of ring colliding pulse mode-locking laser was
presented. It was shown that placing an intracavity filter based on a properly tuned
unbalanced MZI in the laser cavity leads to a flattening the gain and therefore an
increase of the optical bandwidth and reduction of the pulse duration. The variation
of the phase difference between the arms of the unbalanced MZI allows for control
of the position of the central wavelength as well as the pulse width and the width of
optical comb. In order to be able to study the devices experimentally, two variants of
such PMLs were designed and fabricated. The first type represents the ring PML
which includes a single MZI with an SOA in one arm and an electro-optical
modulator (EOPM) in another arm. The design of a 12.5 GHz ring PML with an
MZI realized in the COBRA platform is shown in Fig. 7.7. By applying a reverse
bias voltage on the EOPM the phase of the propagating signal can be changed and
consequently the MZI filter is tuned. The SOA in the MZI allows for changing the
power ratio between the two arms and therefore control of the modulation depth of
the MZI.
EOPM
SOA
SOA

SOA
SA

3 mm
Fig. 7.7. The ring 12.5 GHz mode-locked laser with intracavity gain-flattening filter realized in COBRA platform.
EOPM is electro-optical modulator.

The second type of design is based on using three MZIs in a row (Fig. 7.8). The first
and third balanced MZIs with EOPMs in both its arms allow for control of the power
ratio between the arms in the unbalanced MZI in the middle for both counterclockwise (CCW) and clockwise (CW) pulses respectively. The second, middle MZI
is unbalanced and it includes an EOPM in one arm. This MZI creates the spectral
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modulation of the net gain. The EOPM controls the phase difference between the
arms of the unbalanced MZI and therefore its tuning. In order to change the length
of the SA two short active sections were included.
5.7 mm
SA

SOA

SOA

EOPM
Unbalanced MZI
Fig. 7.8. The ring 5 GHz mode-locked laser with intracavity gain-flattening filter realized in Oclaro foundry.

The MZI PMLs of various repetition rates were fabricated in COBRA, Oclaro and
HHI integration platform. The Tab. 7.3 shows the list of PMLs with intracavity MZI
filter designed in Oclaro, COBRA and HHI integration platforms. The length
difference between arms of unbalanced MZI was 10 µm.
Repetition rate
5 GHz
7.5 GHz
7.5 GHz
2.5 GHz
10 GHz
12.5 GHz
2.5 GHz
5 GHz

Total SOA length
3000 m
2000 m
3000 m
4000 m
1700 m
650 m
1790 m
1790 m

SA length
150/100/50 m
150/100/50 m
150/100/50 m
150/100/50 m
50 m
40 m
25/50 m
25/50 m

Integration platform
Oclaro (run2)
Oclaro (run2)
Oclaro (run2)
Oclaro (run2)
HHI (run1)
COBRA (run7)
COBRA (run7)
COBRA (run7)

Tab. 7.3. Table of MZI PML designed and fabricated in different integration platforms.

7.2.5. Unidirectional ring mode-locked laser
In colliding pulse mode-locking operation of a ring laser, two counter-propagating
pulses meet in the SA saturating it simultaneously. In the symmetrical ring
configuration these two pulses experience the same amplification by the SOA. In
[52] it was experimentally demonstrated that the relative position of the SOA and
SA in the cavity influences the power distribution between the counter propagating
pulses and a modelocked ring laser can be made near unidirectional. The
unidirectional version of the ring laser was fabricated in the COBRA fabrication
platform. It was designed in a way that one pulse arrives to the SOA just after the
second pulse saturated it. Fig. 7.9 shows a mask layout of the 10 GHz asymmetrical
PML designed in HHI foundry technology. In this design two counter propagating
pulses meet in the SA, however a clockwise (CW) pulse arrives at the SA just after
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the amplification by the SOA. After a counter-clockwise pulse (CCW) propagates
through the SA it enters the SOA that is still saturated by the CW pulse and therefor
has lower gain.

4 mm

SA

SOA

Fig. 7.9. 10 GHz asymmetrical ring mode-locked laser designed in HHI.

As a result the output signal propagating in the CW direction is more intense than
the one propagating in the CCW direction. In [52] a contrast of 5-9 dB between CW
and CCW signals was demonstrated. Two such unidirectional PMLs of 10 GHz
repetition rate were designed in the HHI platform (Tab. 7.4).
Repetition rate
10 GHz
10 GHz

Total SOA length
1600 m
1600 m

SA length
50 m
100 m

Integration platform
HHI (run1)
HHI (run1)

Tab. 7.4. Unidirectional PMLs designed in the HHI platform.

7.2.6. Library component-mask layout
To form a photonic circuit on a chip using building block libraries, one has to
connect the different components. The relative layout of the components has to be
done by the designer in the process of preparing the mask layout. The generation of
the mask design from a logical circuit diagram of library components is not an
automated process. When using integrated modelocked lasers, depending on the
required repetition rate the cavity length of the PML can differ over a wide range. In
the case of cavities that are long with respect to the size of the chip, the mask layout
of the PML must be positioned manually with respect to the other components on
the mask. When the cavity is short, for example as the lay-outs shown in Fig. 7.2 (a)
and Fig. 7.1 (a), the mask layout for lasers with varying repetition rate can be
generated relatively simple in an automatic way. The lay-out will have a correct
cavity length and length of the SOA and SA. The online PML library [113] includes
the mask designs for the lasers presented in the previous sections as well as mask
layout which allows for a variation of the length of SOA, SA and the cavity length.

7.3. Passive mode-locking lasers simulation software
In the Chapter 3 and Chapter 6 we presented two software packages which allow for
modelling of a PML: FreeTWM [79] and PICwave [115]. FreeTWM is implemented
as a toolbox that is to be used within Octave or Matlab. It is composed of six
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functions. One of these, the main function, is the time integrator. This function
propagates the solutions of the equations in time from the initial conditions for the
backward and forward propagating electrical fields, for the material response and the
fast and slow spatially evolving components of carrier density. Besides the initial
conditions, the input arguments include the number of sections, the number of
integration steps, the number of data samples to be stored, the boundary conditions,
the input parameters for material properties, and any optical injection signals. The
cavity is formed by combining sections with different material parameters, which
corresponds to the different element (passive waveguide, SA, SOA, and etc.). The
SOA injected current and applied voltage on the SA must be specified through the
carrier density in the SOA section and recovery time in the SA section respectively.
The output arguments of this function are the time traces that correspond to each
section and the final spatial distribution of all fields.
In PICwave the interaction between end users and the software is realized through a
graphical interface. The laser or any other kind of circuits can be introduced to
PICwave using combining components with a near-arbitrary topology. Parameters of
the components (geometrical dimensions, voltage, injected current, optical injection
and others) can be specified directly in the elements of graphical user interface. The
waveguide of each component can be specified by user or taken as predefined
building block provided by the industrial partners.
The passive modes can be calculated with a fully vectorial FDM solver, which
allows to calculate mode parameters, including effective index, group index and
dispersion, as well as confinement factor. The gain section is described by the gain
spectra for various values of the carrier density. These data can be imported from the
Harold Fabry-Perot laser simulator [116] or can be defined manually. The saturable
absorber is modelled as a gain section with a very short non-radiative recombination
time. Fitting of the gain spectra for a SA is performed using a Lorentzian.
The simulation results can be presented in a form of time-domain dependencies of
optical signals, which can be calculated either for output/input ports or at any
interface between components, electrical signals and active layers quantities. These
dependencies can be plotted in real time.
PICwave includes algorithms for obtaining various spectra from the time domain
results. Besides the time and frequency profiles, PICwave allows to plot spatial
profiles of the carrier density in the junction, material gain of the junction, junction
temperature, current density and voltage. The material properties that were
optimized in Chapter 6 for both FreeTWM and PICwave Oclaro building block are
listed in [113].
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7.4. Summary
In this chapter we presented a concept of the library of passive mode-locked lasers.
The library includes the designs and description of PMLs of various geometry that
were realized in Oclaro, COBRA and HHI integration platform. The mask designs
and the information regarding characterization results is stored in the dedicated
website [113]. The designs of ring and linear PML of different repetition rates, DBR
based PMLs with possibility to tune the optical spectrum and ring PMLs with
intracavity gain-flattening filter were presented. We believe that this service will
allow to simplify the process of design of the PICs where a PML is used as a
component. The next step would be to create a service where the mask layout and its
output properties can be generated automatically for particular requirements like
repetition rate, pulse width, tuneability and so on. However, in order to achieve this
the link between simulation and experimental results of the mode-locked laser
measurements has to be established.
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Summary
This thesis presents research on compact InP/InGaAsP integrated passively modelocked lasers operating in the 1.55 µm wavelength range. A large number of
applications in areas such as high-speed optical communication, optical signal
recovery, and high-speed gas spectroscopy, require short stable optical pulses or
coherent optical frequencies which can be generated by mode-locked lasers. Modelocking can be achieved in different lasers such as solid state lasers, fiber lasers,
vertical cavity surface emitting lasers and semiconductor edge-emitting lasers.
Monolithic semiconductor passively mode-locked lasers (PML) are of particular
interest due to their compactness, robustness and potential low cost due to their
suitability for mass production. Another important advantage of such semiconductor
lasers is that they are electrically pumped.
Integration of the PMLs on a single chip is achieved using active-passive
integration. In this technology active components (semiconductors optical
amplifiers, saturable absorbers, lasers) can be combined with passive components
(passive waveguides, array-waveguide gratings, MMI-couplers, reflectors and phase
shifters) on the same chip. It allows for the realization of photonic integrated circuits
(PICs) including those which require mode-locked laser as a light source.
However, the use of PMLs as a source in complex circuits faces several challenges.
The first challenge is the performance of the PML. A simple semiconductor PML
consists only of a semiconductor optical amplifier (SOA) and saturable absorber
(SA). These lasers exhibit a high level of pulse timing jitter, limited optical
bandwidth and pulse duration, relatively narrow range of operating conditions. The
second challenge is the theoretical prediction of semiconductor PML output
properties. In this thesis both challenges are addressed.
Since the work in this thesis was done in the framework of generic photonic
integration technology, where all optical components are standardized building
blocks that are realized in a standardized layer stack, the only way to improve the
performance of PMLs is to modify the geometry of the integrated PML. The activepassive integration technology offers a high degree of freedom in terms of the choice
and positioning of optical elements on the chip. First of all, passive waveguides were
included in the PML cavities. This was used to reduce the length of the SOA while
maintaining the repetition rate of the pulse source. This leads to reduced self-phase
modulation in the SOA which in turn helps to increase the range of the conditions
where the laser shows stable mode-locking.
In this thesis two main points are demonstrated. The first point is that a large variety
of PMLs with a wide range of, even record breaking, performance parameters can be
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achieved using a generic integration platform. The second point is that the use of
active-passive integration technology allows one to improve the performance of a
PML due to the much increase in the number of configurations and dimensions of
the laser cavity.
An extended cavity ring PML consisting of both passive and active (SOA and SA)
components is demonstrated. This PML is a source with the widest reported optical
coherent comb (11.5 nm) for quantum well based lasers and with a large range of
operating parameters for stable operation.
The use of active-passive integration allows for more advanced laser designs where
filters and phase shifters can be included. It is shown theoretically that optical
bandwidth and pulse duration can be significantly improved by introducing an intracavity passive wavelength dependent filter based on a Mach-Zehnder interferometer.
Simulations of such a laser system using a traveling-wave model indicate a
reduction of pulse width and broadening of the coherent optical frequency comb. A
simple algorithm which calculates the optimum values of the filter parameters is
presented and verified. In order to prove this concept experimentally, ring PMLs of
various repetition rates with an intra-cavity filter were designed in various
integration platforms.
Another advantage of active-passive integration is that the relative position of the
components in the extended cavity can be chosen more freely. Experimentally it is
shown that by placing the SA component next to the output coupler (OC), the
stability of the PML is improved. Previously, the superiority of this so-called anticolliding configuration was predicted theoretically. A larger stability region, higher
optical output powers, a reduction of RF beat tone linewidth and a shortening of the
optical pulses were demonstrated for the laser configuration where the SA is placed
next to the OC in comparison with the traditional self-colliding scheme. These
experiments have confirmed the theoretical predictions in literature.
The PML in the anti-colliding configuration, where one of the mirrors were realized
as a distributed Bragg reflector (DBR) was used to study the influence of the optical
spectrum tuning on the laser performance. It was demonstrated that shortening of the
pulses and an improved stability can be achieved by tuning of the optical spectrum
towards short wavelength. The reason for the improvement of the PML performance
was identified. A 9 nm tuning range was achieved by applying current on the DBR.
Another challenge for using integrated PMLs lies in the difficulty to correctly model
their behaviour. In this thesis a first step was done to verify two existing models.
Two travelling-wave models (PICwave and FreeTWM) were used for the simulation
of the SOA. The self-phase modulation effect for short pulses was studied
experimentally and numerically and a self-phase modulation parameter value was
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determined. Measurements of the differential lifetime allowed for optimization of
the carrier recombination parameters.
In order to simplify the design process of PICs which include PMLs, a library of
integrated PMLs in the form of an online service was created. This library includes
not just the lasers described above but a more wide range of PMLs that have been
fabricated in the Oclaro, Smart Photonics or HHI integration technology platforms.
Descriptions of the PML designs, PML mask layouts and software that allows for
the simulation of PMLs is presented.
Future development of the laser library would be to create a laser module which can
automatically generate the layout of the PML depending on the required properties.
In order to achieve this, the process of verification of the models should be extended
to the comparison of the measurements and simulations of the series of the lasers
with different geometries. It will also allow to create a phenomenological model
which can be used by the laser module in more complex circuit simulations.
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