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Abstract

Optical pulses are used as bits to transmit information. Controlled pulse generation is

required for error-free communication and data processing. Semiconductor disk lasers

(SDLs) are compact light sources that have shown potential for inexpensively generating

intense but focusable ultrashort light pulses of a chosen color at gigahertz repetition rates.

In this thesis, the generation of light pulses with SDLs is studied. Different methods

for initiating pulsed operation are reviewed. A state-of-the-art high-power picosecond

pulse source emitting in the 1.55-µm telecommunications band is demonstrated by em-

ploying wafer fusion technology and advanced heat management in an SDL pulsed with

a dilute nitride semiconductor saturable absorber mirror (SESAM). A simple way to

generate picosecond pulses from an SDL by feeding frequency-shifted light back to the

gain element of the laser is presented. The dominant way to generate pulses from SDLs,

using a SESAM to organize the phases of the lasing cavity modes, is studied in detail.

Models for pulse shaping in such passively mode-locked SDLs are reviewed. Stable

mode locking (ML) at a very low saturation of absorption, relevant for SDLs pursuing

high pulse repetition rates, is demonstrated and qualitatively explained. The regime of

harmonic ML where multiple pulses circulate in the SDL cavity is reported and inves-

tigated both experimentally and numerically. Saturation and fast recovery of the gain

are identified as being responsible for the strong ordering of pulses and for the changes

in pulse characteristics observed between states with different numbers of pulses in the

cavity. Hysteresis in the properties of the optical output is observed and controlled by

tailoring the SDL gain element design. The presented results provide a means to pre-

cisely manipulate pulse characteristics in SDLs, paving the way for flexible high-speed

data transfer and processing.
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Chapter 1

Introduction

People derive benefit from pulsed lasers in a variety of ways, of which high-speed data
manipulation and transfer is the preeminent example. A major part of the bits forming
the information exchanged around the world is carried by optical pulses in long-haul
communication systems. In the near future, optical connections are expected to advance
globally from intercontinental and metropolitan networks to local area networks, and
eventually even to replace electrical wires inside computers.

Among all laser types, semiconductor lasers have been proven to be the most flexi-
ble, providing the required emission wavelength for numerous applications, along with
a compact size and ease of use. When disk geometry is applied to a semiconductor laser
having an external cavity, the optical power of the device can be scaled up to watt level
without having to compromise the beam quality. A laser with such performance, pro-
ducing ultrashort optical pulses at gigahertz repetition rates, makes a powerful tool for
optical clocking via photonic interconnects between multicore microprocessors. Other
interesting applications for this kind of laser include two-photon excitation microscopy
for medical diagnostics, frequency comb generation for metrology, and terahertz time
domain spectroscopy for material characterization.

Generation of optical pulses from a semiconductor disk laser (SDL), also known as
a vertical-external-cavity surface-emitting laser (VECSEL), was already demonstrated
in the early days of SDL research in 1990 [1]. The first SDLs – like most state-of-the-
art SDLs today – took advantage of optical instead of electrical pumping, since uniform
distribution of excited carriers over the whole gain area is easier to achieve by optical ab-
sorption than by current injection. In these early experiments the pump light was pulsed
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Chapter 1. Introduction

and the gain sample was usually cooled down with liquid nitrogen, which resulted in a
complicated and expensive system. Pulses generated by passive means, i.e., without ex-
ternal modulation of loss or gain, were not attained from SDLs until ten years later [2,3]
with the new tide of SDL research initiated by Kuznetsov et al. [4]. Since then, the pulse
duration obtained from SDLs has reached the sub-ps level [5], the pulse repetition rate
has been pushed beyond 100 GHz [6], and the average output power in pulsed operation
has been scaled up to several watts [7].

The rapid progress in pulse generation from SDLs has been possible in part because
the technology for pulse formation, readily available for the broadly studied solid-state
lasers based on gain crystals doped with rare earth or transition metal ions [8, 9], could
be transferred to SDLs with only minor modifications. In particular, the conceptual
similarities SDLs share with solid-state disk lasers (SSDLs), at present the dominant
pulse source for applications requiring high average power and pulse energy [10], have
resulted in fruitful hand in hand development of both types of ultrafast oscillators [3,11–
13].

Although SDLs resemble SSDLs in terms of laser geometry and set-up, the char-
acteristic properties of the semiconductor gain medium differ considerably from other
solid-state gain materials. This has a notable impact on the design of an SDL pulse
system. Specifically, the interplay of nonlinear effects taking place in the semiconduc-
tor elements in the SDL adds to the complexity of the system dynamics. The strong
tendency of the semiconductor medium for stimulated emission, together with the short
lifetime of excited carriers, results in inherently fast variations of gain and loss in pulsed
operation. The shape, number and position in time of the laser pulses can be distinctly
manipulated by these effects. Figure 1.1, adapted from Ref. [14], shows a simplified
net of relations between some of the most significant parameters and effects in a typical
semiconductor disk laser pulse system. The parameters presented in the figure will be
discussed in more detail in the following chapters.

1.1 Incentives and aim of the thesis

The basis of the analysis of pulse formation in SDLs largely relies on the work conducted
on pulsed lasers in general as early as the 1970’s [15–19]. Many of the studies concern-
ing the behavior of pulsed solid-state lasers carried out at the turn of the millenium can
also be exploited to generate pulses from SDLs [20–22], provided that the nonlinearities

2



1.2. Thesis outline

Figure 1.1: Simplified relations between operation parameters of a semiconductor disk laser
pulse system, modified from Ref. [14]. Red, blue and grey arrows indicate positive, negative and
twofold relations, respectively.

in the gain element of the laser due to strong gain saturation are taken into account. At
the time when this doctoral work was initiated, a number of analyses had been published
describing pulse generation in SDLs [13, 23, 24]. However, no experimental work had
been conducted to systematically examine the pulse formation dynamics in these lasers.

It is the aim of this thesis to push the limits of pulse generation with SDLs. Novel
technological approaches are implemented to demonstrate state-of-the-art picosecond
SDLs. By means of systematic experimental studies, supported by numerical simula-
tions, the relations between the operation parameters of pulsed SDLs are recognized and
clarified. The objective is to gain a better understanding of the behavior of these ultrafast
oscillators, and to allow the design and realization of optimized SDL pulse systems for
each emerging application.

1.2 Thesis outline

This thesis is organized as follows. Chapter 2 discusses the general concept of an
optically-pumped semiconductor disk laser. Emphasis is put on the design of the gain
structure and on power scaling. Chapter 3 reviews the methods for pulse generation from

3



Chapter 1. Introduction

SDLs, concentrating on passive mode locking. A wafer-fused 1.57-µm picosecond SDL
producing 0.86 W of average output power is introduced as an example of a state-of-
the-art pulse source in the telecommunications band. A simple way to generate pulses
using frequency-shifted feedback in an SDL is presented. Chapter 4 deals with the pulse
formation and shaping processes in passively mode-locked SDLs. Mode locking in the
regime of weak saturation of absorption, harmonic mode locking, pulse dynamics and
hysteresis of the output characteristics are investigated. Concluding remarks are given
in Chapter 5.

4



Chapter 2

Semiconductor disk lasers

In a nutshell, an optically-pumped semiconductor disk laser is a brightness converter
that can be tailored to transform the multimode light from commercial low-cost pump
diodes to a high-quality, single transverse mode beam at almost any wavelength from
the visible to mid-infrared regime. Through frequency conversion, the spectral coverage
of SDLs spans further to ultraviolet light. The basics of operation of SDLs, together
with extensive reviews on the results obtained at the wavelengths demonstrated to date,
can be found in scientific literature [25–33]. The next sections describe the architecture
of the gain element and power scaling of SDLs with regard to aspects relevant to pulse
generation. The SDL gain designs and power scaling methods used in this work are
presented.

2.1 Gain structure design

The standard approach used to achieve efficient stimulated emission from optically-
pumped semiconductor gain elements is to implement a resonant periodic gain (RPG)
structure, where quantum wells (QWs) are positioned with the help of pump absorbing
spacer layers and a carrier diffusion blocking window layer at antinodes of the signal op-
tical field enhanced by a subcavity formed between a bottom distributed Bragg reflector
(DBR) and the top surface of the structure [34–36, P6]. The length of the resonant sub-
cavity is equal to a multiple of half the signal wavelength. The RPG design maximizes
the overlap between the QWs and the optical field and increases the effective light-matter
interaction length of the signal photons inside the gain section, resulting in high unsat-
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Chapter 2. Semiconductor disk lasers

urated and differential gain [26, 37, P6]. The QWs are often compressively strained to
lower the threshold for lasing [38, 39]. Moreover, to facilitate uniform pumping of the
wells and thereby further decrease the threshold, the QW distribution can loosely fol-
low the density of excited carriers set by the nearly exponential decay of pump intensity
in the semiconductor structure, with several QWs positioned at each antinode near the
structure surface, and some QWs omitted from antinode sites deeper inside the structure
where carrier density is low [40].

2.1.1 Optimization of the number of QWs in an RPG element

Typically, the number of quantum wells in the RPG section of an SDL varies between 2
and 20 [25,30]. The optimal number of QWs depends on the overall cavity design and is
guided by constraints set by the application. For a given output coupling in continuous
wave (CW) operation, one can estimate the most suitable number of QWs for achieving
maximum output power at a given pump power from the equations for carrier density
in semiconductor lasers [41, 42]. However, the simplified model presented in Ref. [42]
assumes uniform carrier density over the QWs and does not take into account any ther-
mal effects, making the model of little use for real-world devices whose performance is
usually limited by thermal roll-over.

A large number of wells may be needed for efficient capture of excited carriers at
high pumping levels, or in order to obtain increased single pass gain when dealing with
challenging material systems or with lossy intra-cavity elements. On the other hand, a
large number of wells implies a thick structure, which is difficult to pump uniformly.
The gain may broaden due to unequal excited carrier density in the QWs, but if the
overall laser cavity design does not allow for extremely short pulse durations the avail-
able excess frequency components can disturb generation of a clean pulse train [43, 44].
Furthermore, for a thick structure dispersion is increased and the gain bandwidth peaks
sharply at subcavity resonances [13, 26].

A low number of QWs and the consequent thin gain section decreases nonlinear
phase changes in the gain that may otherwise broaden pulses [23,24,45,46]. The down-
side of the thin structure and the low number of QWs is pump leakage to the DBR, a
reduced single pass and differential gain and the lower slope efficiency which limit max-
imum average output power and the use of such gain designs in applications involving
high-loss cavities [32, 42, 47].
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Figure 2.1: Maximum output power and lasing threshold with 3 % outcoupling versus number
of QWs placed one per antinode in an RPG structure.

In Fig. 2.1 the experimental maximum average output power (open squares) and las-
ing threshold (filled squares) are plotted with respect to the number of quantum wells in
an RPG structure having one QW per antinode of the standing wave optical field. The
RPG design under study with a uniform distribution of QWs and pump absorbing spacer
layers results in a pump intensity profile that decays exponentially with distance from
the surface of the structure. Pump absorption in the gain section varies from around 50
% for the thinnest structure to close to 100 % for the structure with the largest number
of QWs. A more detailed description of the assembly and design of the gain element
used in the experiment can be found in [P5] and [S2]. The series of RPG structures
were grown by molecular beam epitaxy (MBE), processed, and tested at 15◦C with an
output coupler (OC) of 3 %. Scattering of the datapoints around the eye-guiding poly-
nomial fittings can be attributed to the variation in detuning of the QW gain peak from
the subcavity resonance wavelength at room temperature (RT) in the range of 10 – 29
nm between the gain samples due to fluctuations in growth. With an increase in tem-
perature, the QW gain peak and the subcavity resonance in GaAs-based SDLs shift to
longer wavelengths at rates of ∼0.3 nm/K and ∼0.1 nm/K, respectively, due to changes
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in bandgap and refractive index [48–51]. A detuning optimized for maximum output
power allows the QW gain and subcavity resonance to coincide close to the maximum
pumping level and at the consequent elevated temperature. The threshold pump power
in Fig. 2.1 shows a predictable dependence on the number of QWs. For a low number
of QWs a notable part of the pump light is not absorbed in the gain section because
of the thin absorbing region. Furthermore, the wells saturate quickly with increasing
pump power and cannot efficiently produce the gain required for lasing. An increase
in the number of wells enhances pump absorption and gain, which lowers the thresh-
old pump power until at a certain number of QWs the losses associated with a thick
structure, largely induced by signal absorption in the inadequately pumped bottom most
wells, start to raise the threshold. The opposite trend can be observed in the dependence
of the maximum output power on the number of QWs. The slope efficiency rises with
the QW number, which amounts to a higher output power when the QW number is in-
creased. However, thermal impedance and the decrease of gain at high pump powers due
to shifting of the QW gain peak away from the resonance escalate with a thick structure,
causing the maximum output power to drop at large QW numbers. From Fig. 2.1 one
can conclude that for a standard RPG element in an SDL and for setups with outcoupling
close to 3 %, approximately 7 or 8 QWs provide the best combination resulting in both a
low threshold and high CW output performance. A design with either a lower or higher
number of QWs could be considered for pulse generation or in applications requiring
high power and a large tolerance for losses, respectively.

2.1.2 Manipulation of the single pass gain with a top DBR

The etalon formed in an RPG element between the bottom DBR and the semiconductor-
air interface is essentially a Gires-Tournois interferometer (GTI) that can be modified
by applying a partially reflective mirror on the surface of the semiconductor struc-
ture [52]. This enhances the optical field at the resonance wavelength and increases
both gain and differential gain, enabling access to applications that require high toler-
ance for losses [32, P2]. Figure 2.2 shows the output characteristics with various OCs
for an RPG element similar to those described in [P2] and [P5] with 5 QWs and a 66 %
reflective dielectric coating deposited on its surface. As can be seen in the figure, with
such a design losses of up to 20 % can be overcome, instead of the few percent observed
for structures without a top mirror. The drawback of the design is the reduced gain band-
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Figure 2.2: Average output power as a function of absorbed pump power for a 5-QW RPG
element with 66 % reflectivity of the top surface and different OCs.

width and wavelength tunability, and the consequent increased sensitivity to the thermal
shift of the QW gain maximum with respect to the narrow-linewidth resonance peak.
The desired operating conditions occur within a limited range of pump power around
the optimal point, beyond which thermal roll-over begins to lower the performance [13].

2.1.3 Subcavity effects on pulsed operation of SDLs

Adjustment of the GTI properties of the gain element by tailoring the gain section thick-
ness or the reflectivity of the top surface of the gain element has a strong impact on
various parameters relevant to pulse generation.

First, with an increase in the top reflectivity, a lower saturation fluence of the gain
is expected, which together with the high differential gain results in a tendency for a
pulsed SDL to switch to a higher number of pulses circulating inside the cavity for a
more complete depletion of the fast recovering gain [P5, P6].

Second, an enhanced subcavity raises the gain only in a narrow spectral range that
may not be able to support ultrashort pulses [13].

Third, the variations in the group delay dispersion (GDD) around the resonance
wavelength build up with an increase in the top reflectivity or subcavity length, which
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Figure 2.3: (a) GDD for the RPG structures with different number of QWs. (b) GDD and
optical spectrum at lasing threshold for an RPG structure with 5 QWs (solid lines) and a similar
but antiresonant gain structure (dotted lines).

makes it challenging to avoid stretching of pulses in time when using gain structures
with a strongly enhanced resonant subcavity [53]. Figure 2.3(a) shows GDD for a series
of RPG structures with a different number of QWs. The design of the RPG samples is
identical apart from the QW number and the thickness of the gain section defined by the
number of QWs positioned one per antinode of the optical field. The GDD was extracted
from the measurements of optical path length in the structure in reflection as a function
of wavelength using a method similar to that described in Ref. [54]. Measurements were
performed in the absence of optical pumping and laser action. It is apparent from Fig.
2.3(a) that the GDD for the resonant structures closely follows that expected for a GTI,
with relatively small amplitudes around resonance measured for thin samples, and large
amplitudes for thick samples.

Fourth, the nonlinear phase shifts associated with the refractive index changes dur-
ing the pulse transit escalate with enhanced subcavity resonance and can cause pulse
broadening and instabilities in pulsed operation if they are not properly balanced [55].

The resonance effects can be suppressed with an antireflective (AR) coating or by
setting the thickness of the GTI subcavity such that a node of the optical field occurs
at the surface of the gain element. With this kind of antiresonant design the scattering
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losses due to non-vanishing surface roughness of the gain sample are decreased because
of the low intensity of the optical field at the surface [26]. Furthermore, the effective
gain bandwidth of such a device can be even broader than the intrinsic gain bandwidth
of the QWs, since the subcavity resonances on both sides of the QW gain maximum
enhance the wings of the gain peak [56]. However, the absolute optical field magnitude
at the QWs will be much lower than with a resonant structure, resulting in low gain,
low differential gain, and high threshold [56]. In Fig. 2.3(b) the GDD measured for a
resonant (solid line) and antiresonant (dotted line) gain structure with 5 QWs is plotted
together with the optical spectra recorded in pulsed operation close to threshold pump
power. The designs of the gain structures are identical apart from the thickness of the
cap layer used to adjust the subcavity length. For the antiresonant structure, the output
wavelength of the laser is largely determined by the QW gain peak. For the resonant
structure, the output wavelength is strongly bound to the subcavity resonance and fol-
lows the QW gain peak only to a certain extent. The subcavity resonance determines the
point where the GDD turns from negative to positive with increasing wavelength. From
Fig. 2.3(b) one can conclude that with an increase in pump power, the dispersion expe-
rienced by a pulse in the antiresonant structure gradually decreases when the QW gain
peak thermally redshifts away from the resonance, whereas in the resonant structure the
dispersion will undergo substantial variations with thermal changes in detuning.

2.1.4 Gain elements used in this doctoral work

Most of the semiconductor gain structures exploited in the experiments compiled in this
thesis were RPG structures sharing a similar basic design with either one or two QWs
placed per antinode of the optical field, starting from the first antinode below the sur-
face of the structure [P1–P6]. In part of the experiments the GTI resonance inside the
structure was either enhanced or suppressed with a top DBR or with an AR coating,
respectively [P2–P4, P6]. This provided a simple but flexible configuration to study
the fundamental effects related to gain saturation and their impact on pulse dynamics in
SDLs [P3–P6]. Furthermore, with straightforward control of the differential gain, the
design allowed easy access to high numbers of pulses in the laser cavity, thus enabling
manipulation of pulsing conditions and pulse properties [P4–P6]. The high tolerance
to losses of the structures exhibiting an enhanced resonance effect was essential for the
experiments including highly nonlinear mirrors or a frequency shifter [P2, P3]. When
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operating in the technologically difficult wavelength regime of 1.57 µm, the RPG de-
sign allowed substantial output powers to be reached [P1]. In [P6] an antiresonant gain
structure was employed to assess the role of differential gain in the formation of multiple
equally spaced pulses in the cavity.

2.2 Power scaling of SDLs

2.2.1 Design guidelines for a high-power SDL

Due to the external cavity mirror of the SDL, the fundamental transversal mode diameter
on the gain element can be flexibly adjusted. In particular, the mode diameter together
with the pumping area can be increased with very little effect on beam quality, allow-
ing output power in a single transverse mode to scale up with the pump area when the
pump intensity is kept constant. However, a large pump spot comes at the expense of
decreased lateral heat dissipation from the center of the pumped gain area, which at
intense pumping levels results in a large temperature rise through the quantum defect
and non-radiative recombination [57–60]. The associated refractive index and bandgap
changes at the center of the pumped area of the semiconductor gain mirror initiate ther-
mal roll-over and prevent further power scaling. The decrease in the three-dimensional
heat extraction characteristics can be suppressed to a certain extent with a heat spreader
of very high thermal conductivity or by choosing a super-Gaussian or top-hat spatial
pump distribution instead of the conventional Gaussian pump profile, but it nonetheless
sets an upper limit of about 1 mm for the pump spot diameter [57–60].

A general guideline for the design of a high-power SDL gain structure would be to
minimize the quantum defect and cavity losses, to maximize pump absorption and to
either optimize detuning for a zero mismatch at high operating temperature or suppress
subcavity resonance in favor of large temperature tolerance, depending on application
[34, 42, 61].

2.2.2 Design considerations for a high-power short-pulse SDL

Design guidelines for reaching high average power are not in direct conflict with the laser
design requirements set by short pulse generation. For example, flattening the GDD of
the gain chip with an AR section does not have a serious effect on maximum output
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power if the decreased gain is balanced by proper output coupling [61, 62]. Power scal-
ing of SDLs in the ultrashort pulse regime is challenging, however, because the carrier
density-dependent nonlinear phase shifts induced by the pulse at the gain element and
absorber increase with pulse fluence and make it preferable to avoid strong saturation of
cavity elements in order to achieve sub-ps pulse durations [5]. This becomes increasingly
difficult when pulse duration approaches the timescale of carrier scattering in semicon-
ductors, for which saturation fluence is decreased by spectral hole burning [63]. More-
over, power scaling via a large transverse mode size at the gain element implies a large
temperature difference between the center and outer parts of the pumped gain region,
which results in inhomogeneous gain broadening which may disturb clean pulsing [62].
The tendency of SDLs to switch to many pulses circulating in the cavity for minimized
losses due to gain saturation, spontaneous emission between consecutive pulses and two-
photon absorption (TPA) further limits the peak power of the pulses [64, P4, P5].

The highest average output power to date from a short-pulse SDL has been achieved
with a semiconductor structure where a quantum dot (QD) absorber and a QW gain
section are integrated in one chip and separated by a pump blocking DBR [7]. Manage-
ment of dispersion and nonlinear phase effects in such a structure is very difficult and
sensitive to errors during growth. This reflects on the pulse duration which has been
tens of picoseconds for integrated structures [7, 65, 66]. Proposals for an improved gain
design for high-power sub-ps SDLs include, for example, a gain section with a graded
barrier bandgap profile that promotes carrier drift towards QWs and suppresses pump
absorption saturation problematic for thin gain sections [67]. However, the average out-
put power demonstrated in the fs regime with such a design has been on the order of
10 mW. A series of thin DBRs instead of one thick DBR in the gain element has been
proposed to enable a reduction of pulse width by a factor of two through minimization
of chirp [68]. The downside of this approach is the increased sensitivity of the design to
growth errors. Spontaneous mode locking shows potential for sub-ps pulse generation
at watt-level average output powers with a compact cavity configuration and supposedly
a standard RPG structure tolerant to growth errors [69]. A drawback for this method is
the high threshold, caused by the thick gain section required for establishing saturable
absorption.

In Section 2.2.4 a method for power scaling an SDL based on distribution of thermal
load between multiple gain elements is described and its applicability to short pulse
generation is analyzed.
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2.2.3 Thermal management

The temperature-coupled phenomena affecting the performance of SDLs have been thor-
oughly investigated in scientific literature [25, 26, 30, 49, 50, 70–73].

The temperature-sensitive nature of semiconductors makes it difficult to engineer a
gain element impervious to the changes in temperature detrimental to the high-power
performance of SDLs. Therefore, most of the approaches to scale up the power of SDLs
attempt to impede the temperature increase in the gain element by transferring the heat
away from the gain chip as efficiently as possible. These methods will be discussed in
the next subsections.

Other cavity elements of a pulsed SDL, such as nonlinear mirrors, usually operate
at off-resonance and are not heated by the pump beam but only by absorption of the
intracavity signal optical field. Thus they do not require as stringent thermal management
as the gain mirror [51]. With proper cavity design antiresonant nonlinear mirrors, for
example, are damaged due to heating only at intracavity average powers above several
tens of watts [74, 75, P1]. However, the methods for thermal management of the gain
chip discussed below can be applied to control temperature increase and prevent thermal
damage in other cavity elements as well [75].

Flip-chip method

The conventional heat management approach, in which the substrate is removed to re-
duce thermal impedance leaving only a few µm thick semiconductor gain chip bonded
to a heat spreader below, is referred to as the flip-chip method [4]. The flip-chip ap-
proach requires the gain section to be grown before the DBR on the substrate, which
is thinned, and after bonding of the DBR side of the chip to the heat spreader, re-
moved by chemical etching with the help of etch-stop layers grown very first on the
substrate. Disregarding the extensive post-growth processing, the possibility to use low-
cost heat spreaders, and the lack of problems related to spectral filtering by the etalon
effect present in assemblies with an intracavity heat spreader, makes the flip-chip method
attractive for SDLs intended for pulse generation. Diamond-copper composite or syn-
thetic diamond heat spreaders can be used provided that appropriate bonding techniques
are implemented [76, P5]. In this work, most of the gain chips were processed using the
flip-chip approach. The flip-chip gain samples were bonded to diamond-copper compos-
ite heat spreaders with AuSn solder and further bonded to copper heat sinks with indium
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solder [P5].

In the 1-µm wavelength regime, where excellent crystal quality GaAs/AlAs DBRs
with low thermal impedance can be employed, the performance of the flip-chip method
exceeds that of other heat management methods for large (>400 µm) pump spot diame-
ters [25,59], allowing access to record high output powers from SDLs [34,77]. However,
in wavelength regimes away from 1 µm, where material systems other than InGaAs have
to be used, the thermal conductivity of the bottom mirror decreases considerably, result-
ing in diminished heat extraction [59]. At long wavelengths, the increased thickness and
consequent high thermal impedance of the DBR further limits the performance of the
flip-chip method [78, 79].

One of the major drawbacks of the flip-chip method has been that a soft solder has
to be used for bonding of the semiconductor chip to a diamond heat spreader because
of the large difference in the thermal expansion coefficients of the semiconductor and
diamond. The tension imposed on the chip at the end of the bonding process, when
the assembly has cooled down from the melting temperature of the solder, easily breaks
the chip if a hard solder is used [80]. A junction bonded with a soft solder like indium
degrades over time and cannot sustain high operating temperatures for long, making soft
solder unsuitable for industrial applications [81]. A bonding procedure that could be
performed close to RT using a substance of proven long-term reliability would allow the
use of diamond heat spreaders even in industrial applications. The author has followed
successful investigations of such methods closely and is confident that these efforts will
bear fruit in the near future.

ICHS method

The intracavity heat spreader (ICHS) method relies on heat extraction through a trans-
parent heat spreader placed directly on the top surface of the semiconductor gain struc-
ture [59,82,83]. Capillary bonding with water can be used to attach the heat spreader to
the gain chip [84,85]. The advantage of the ICHS method is the close contact of the heat
spreader to the gain section where the heat is generated. The ICHS approach bypasses
the thermal impedance of the gain DBR, which makes it a superior heat transfer method
in spectral regimes outside the 1-µm wavelength regime which benefits from the ma-
ture InGaAs material system [25, 59]. Usually, either natural or synthetic diamond heat
spreaders are preferred due to their excellent heat conductivity and high transparency in
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a wide spectral range [86,87]. Synthetic single crystal diamonds grown by chemical va-
por deposition can exhibit very low birefringence, which is favorable if the laser cavity
includes polarization selective elements. The downside of the ICHS method is the high
cost of diamonds of good optical quality and the unproven long-term reliability of the
capillary bond.

For pulsed SDLs problems arise from spectral filtering caused by the etalon effect
in ICHSs with flat parallel surfaces. The optical spectrum is modulated with a peak
spacing corresponding to the optical thickness of the heat spreader, which disturbs the
distribution of lasing modes and prevents pulse formation. This effect can be avoided
by replacing the flat ICHS with a wedged ICHS [P1]. For a diamond heat spreader 300
µm in thickness, an angle of about 2◦ between the top and bottom surfaces is enough to
completely remove the disturbing fringes from the spectrum. However, an AR coating
should be deposited on the top surface of the diamond to minimize reflection losses for
the signal and to further decrease residual reflectivity.

Combining flip-chip and ICHS methods for two-sided heat extraction from the gain
structure would also increase SDL output performance [88]. Processing of such an as-
sembly is, however, challenging.

2.2.4 SDL with multiple gain elements

The heat load imposed on the gain element by the pump source can be efficiently dissi-
pated when split between multiple gain chips sharing one cavity [S1]. In contrast to beam
combining methods conventionally used for power scaling [89], with such a scheme the
coherence of light and the excellent beam quality of SDLs is preserved while the output
power can be scaled up linearly with the number of gain chips without incurring coupling
losses or the need for external phase locking [90, 91, S1]. This power scaling approach
is supported by the availability and low price of commercial pump diode modules capa-
ble of delivering excess pump powers that cannot be absorbed by a single gain element,
without enlarging the pumping area over the limit where power scalability breaks down.

Figure 2.4 shows the output power obtained from an SDL with two gain elements
assembled in a Z-shaped cavity with a 6 % OC [S1]. As a reference, output character-
istics for single gain chips measured separately in linear cavities with 3 % outcoupling,
together with the sum output power composed of the single gain experiments, are plotted
in the same figure. Among the available OCs the above mentioned values for outcou-
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Figure 2.4: Output characteristics of the dual-gain SDL (filled squares) and single gain SDLs
(solid and dashed line), and the combined output power from the single gain SDLs (open squares)
as a function of incident pump power.

pling were found to give the highest maximum output power. Due to distributed heating
the dual gain SDL can sustain two times higher thermal load than the single gain SDL,
which results in a delayed thermal roll-over and doubled output power compared to the
single chip scheme. The large roundtrip gain obtained with multiple gain elements in
one cavity allows larger outcoupling to be used compared to the single gain SDL. Conse-
quently, increased slope efficiency is expected. The dual gain laser exhibits only a minor
degradation of beam quality compared to single chip setups. The beam quality factor
M2 measured in high-power operation was 1.45/1.28 for the two-gain SDL in horizontal
and vertical directions, respectively, and ∼1.2/1.2 for the single chip lasers [92, S1].

The multiple gain approach can be applied to scale up the power of pulsed SDLs
[S7]. Nevertheless, problems may arise from gain filtering if intracavity heat spreaders
are used for thermal management of the gain elements. Even wedged heat spreaders can
introduce fringes to the optical spectrum if the etalon effects originating from each heat
spreader couple together. Another problem stems from the summed birefringence of the
heat spreaders which may disturb the polarization of the laser. With flip-chip processed
gain elements power scalability in pulsed operation is preserved [S7]. The rise in output
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power is often accompanied by an increase in the number of pulses circulating in the
multiple gain cavity. In practice, the dimensions of the cavity elements require the cavity
to be rather long, thus favoring multiple pulsing.

To achieve short pulses in a multiple gain cavity, adjustment of the laser wavelength
might be needed, because the dispersion of the gain elements may sum up to stretch the
pulses. The wavelength of the pulsed multiple gain SDL can be tuned to a low-dispersion
regime with a thin intracavity fused silica (FS) etalon, for example [S7].
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Chapter 3

Methods for pulse generation from
SDLs

This chapter discusses the pulse generation methods applied to SDLs. The advantages
and disadvantages and the state of the art of each method are reviewed. As examples of
cutting edge pulse sources demonstrated using different methods, a 1.57-µm high-power
SDL with a saturable absorber and a picosecond SDL with frequency-shifted feedback
are presented.

3.1 The prior art

Traditionally, techniques for generating optical pulses have been categorized as active
and passive [93, 94]. Active methods rely on external modulation of the amplitude or
phase of the laser light at a frequency synchronized with the roundtrip frequency of
the laser, whereas in passive methods the required modulation is induced by the light
field itself. The shortest pulses to date emitted directly from lasers have been obtained
through passive mode locking (ML), a method discussed in more detail in the next chap-
ter [95, 96]. In a mode-locked laser the separation of the phases of adjacent longitudinal
laser cavity modes is fixed. The superposition of a set of such frequency components
corresponds to a pulse in the time domain.
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3.1.1 Active methods

The first pulsed SDLs were demonstrated with synchronous pumping [1], i.e. by pump-
ing the SDL with another laser delivering pulses at a repetition rate adjusted to match
the inverse of the SDL roundtrip time. With this method no pump energy is wasted be-
tween pulses, making it suitable for SDLs intended for pulse generation at low repetition
rates and high peak power levels, for which regime the incapability of the semiconduc-
tor material to store energy for a long period of time, originating from the short excited
carrier lifetime, becomes more pronounced with CW pumping. Average output pow-
ers of hundreds of milliwatts and pulse durations on the order of tens of picoseconds
have been achieved directly from the SDL with synchronous pumping [97–99]. External
compression of the pulses has lead to pulse durations as short as 21 fs, indicating high
linear chirp of the pulses. The peak power of the pulses after compression can exceed 1
kW, making them suitable for supercontinuum generation, for example. However, unless
synchronization of the SDL with an external clock is required by the application, or the
SDL emits at a wavelength allowing commercial telecommunications components to be
utilized for building of the pulsed pump source [100], the complexity and cost of the
system often surpasses the advantages gained.

External amplitude or phase modulation provides a straightforward way to generate
pulses from SDLs. The first pulsed SDL operating near RT was demonstrated by in-
serting an acousto-optic modulator (AOM) into the laser cavity to vary resonator losses
at the fundamental cavity repetition rate [101]. The performance of lasers pulsed with
this approach is intrinsically limited by the modulator characteristics, particularly by the
width of the low-loss time window, spectral filtering in the modulator, and the speed
of the driving electronics, making it difficult to reach sub-ps pulse durations [94]. Fur-
thermore, stabilization of the cavity length to the modulator frequency is needed. The
author is not aware of studies reporting pulses shorter than ∼100 ps from SDLs pulsed
via active modulation.

Gain switching by a pulsed pump laser has resulted in the highest pulse energies and
peak powers obtained directly from SDLs, with average output powers in the 100 mW
range, pulse durations on the order of tens of nanoseconds and repetition rates in the 10-
kHz range, amounting to pulse energies and peak powers on the order of tens of micro-
joules and 1 kW, respectively [102–104]. Laser pulses with these characteristics are of
interest particularly at eye-safe wavelengths longer than 1.4 µm for applications includ-
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ing remote sensing, laser radars and active imaging [105–108]. Although less compact,
in this wavelength regime SDLs can challenge Q-switched solid-state microchip lasers
as sources of high-energy pulses [109, 110].

The high intracavity optical power associated with continuously pumped SDLs, to-
gether with the fast and stable recovery of the intracavity field due to the large gain cross
section and the short carrier lifetime in the gain medium, permits energetic nanosecond
pulses to be extracted from the SDL cavity in a controlled way at repetition rates of
several MHz when the intracavity light is deflected from the cavity with the help of an
AOM, for example [111]. The advantage of such a cavity dumping approach is that the
wavelength and repetition rate of the µJ-pulses can be widely tuned without affecting
other pulse parameters significantly.

Additive pulse ML (APM), which benefits from the effects of nonlinear interactions
on the interference of colliding pulses from two coupled cavities, has been applied to
shorten pulses in an SDL [112–115]. The pulse width was decreased from 19 to 6 ps in
a synchronously pumped SDL combined with an auxiliary cavity exhibiting Kerr non-
linearity, which worked as an artificial saturable absorber for the colliding pulses and fa-
vored high-intensity radiation provided by pulse shortening [112]. However, the length
of the auxiliary cavity has to be actively adjusted to match the length of the laser cavity,
thereby diminishing the practical value of this method.

3.1.2 Passive methods

Passive methods for pulse generation rely on an intensity-dependent loss mechanism,
i.e. on the action of a saturable absorber, for which an increase in the incident light in-
tensity results in a decrease in absorption. The dominant way to implement a saturable
absorber inside the SDL cavity is to replace one of the cavity mirrors with a semicon-
ductor mirror that has been integrated with a semiconductor saturable absorber, hence
the name of the device, semiconductor saturable absorber mirror (SESAM) [9]. The
absorption properties of this device, originally developed in the 1990’s for solid-state
lasers, can be fine tuned for optimized pulse operation with a given laser gain medium
and gain element design [116–118]. The shortest pulses [63], highest average output
powers [7], and highest repetition rates [6] obtained from SDLs have been achieved
using SESAMs to mode-lock the optically-pumped laser. SESAM ML has been success-
fully applied to electrically-pumped SDLs as well, albeit with modest output powers in
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the mW range [119–121]. Femtosecond pulse sources operating in the multigigahertz
regime accessible via SESAM ML are ideal for delivering intense clock signals which
can be widely distributed to multicore microprocessors.

If the light circulating in the laser cavity to generate stimulated emission is regularly
shifted in frequency at every roundtrip before re-entering the gain section, in the presence
of an appropriate amount of nonlinearity and spectral filtering in the laser cavity, a train
of short pulses can form from the superposition of the frequency-shifted waves at the
output of the laser [122–126, P2]. Generation of picosecond pulses from an SDL with
such frequency-shifted feedback (FSF) is discussed in the last section of this chapter.
The FSF method provides a simple and robust means to generate pulses regardless of the
design specifications of the laser gain or cavity [127, P2].

Other passive methods with potential for short-pulse generation with SDLs include
Kerr-lens ML, which is based on a lensing effect via the Kerr nonlinearity which in
certain cavity arrangements reduces resonator losses or increases amplification for high-
intensity light, and ML with a variable-reflectivity mirror, which relies on reduced out-
coupling losses for high-intensity radiation through the combined effect of a nonlinear
crystal and a dichroic mirror exhibiting higher reflectivity for light at the second har-
monic than fundamental frequency [128, 129]. However, the author is not aware of re-
ports of pulsed SDLs utilizing these methods that have been published in open scientific
literature.

3.2 The state of the art

Some of the most impressive results in terms of various laser output parameters obtained
to date directly from SDLs pulsed using the methods discussed in the previous section
are given in Table 3.1. SDLs passively mode-locked with a SESAM constitute a major
part of the results with ultrashort pulse durations, reflecting the dominant role of this
pulse generation method in the SDL research community. Indeed, the apparent advan-
tages of SESAM ML that arise from the design flexibility of the semiconductor saturable
absorber give little room for other methods for short pulse generation, save for applica-
tions that require high pulse energies and peak powers, which are easiest to achieve with
gain switching or cavity dumping.

The performance of passively mode-locked SDLs is further illustrated in Fig. 3.1,
which shows the average output powers and pulse durations with respect to wavelength
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Table 3.1: Overview of SDLs employing different pulse generation techniques.

Method Laser Pulse Average Repetition Comments Year and
wavelength duration output power rate reference

Synchr. pumping 885 nm 14 ps 14 mW at RT 80 MHz 324 fs with EC 1992 [130]
980 nm 40 ps 40 mW at RT 80 MHz 185 fs with EC 2006 [99]
1.50 µm 36 ps 260 mW at -196 ◦C 100 MHz 21 fs with EC 1991 [97, 98]
1.50 µm 7.7 ps 15 mW at -196 ◦C 100 MHz 710 fs with EC 1991 [1]
2.01 µm 240 ps 80 mW at 15 ◦C 460 MHz 2.8 GHz via HML 2008 [100]

Active modulation 856 nm 100 ps 26 mW at 0 ◦C 336 MHz 1999 [101]

Gain switching 1.37 µm 11 ns 90 mW at RT 5 kHz Ppeak =1.5 kW 2006 [103]
1.53 µm ∼25 ns 3.12 W at 15 ◦C 200 kHz Ppeak =0.56 kW 2012 [104]
1.56 µm ∼17 ns ∼200 mW at 9 ◦C 20 kHz Ppeak =0.52 kW 2009 [102]
2.00 µm 210 ns 17 mW at RT 1 kHz Ppeak =70 W 2009 [131]

Cavity dumping 1.05-1.08 µm 30 ns 170 mW at 6 ◦C 100 kHz Ppeak =57 W 2010 [111]

APM 1.55 µm 6 ps 60 mW at -196 ◦C 100 MHz 1993 [112]

SESAM ML 489 nm 3.9 ps 6 mW at 0 ◦C 1.88 GHz Frequency doubled 2005 [132]
832 nm 15.3 ps 5 mW at -33 ◦C 1.9 GHz 2008 [133]
959 nm 28 ps 6.4 W at -15 ◦C 2.47 GHz Integrated structure 2010 [7]
959 nm 3.3 ps 102 mW at 5 ◦C 50 GHz 2006 [134]
960 nm 784 fs 1.05 W at -20 ◦C 5.4 GHz 2011 [135]
980 nm 15 ps ∼30 mW at RT 15 GHz EP 2011 [120]
999 nm 335 fs 120 mW at -22 ◦C 1 GHz Ppeak =315 W 2010 [64]
1.02 µm 198 fs 31 mW at 15 ◦C 92 GHz via HML 2011 [5]
1.03 µm 107 fs 3 mW at 15 ◦C 5.14 GHz 2011 [5]
1.04 µm 60 fs 35 mW at 0 ◦C 1 GHz 2009 [63]
1.04 µm 400 fs 300 mW at 10 ◦C 175 GHz via HML 2012 [6]
1.06 µm 778 fs 2.35 W at 25 ◦C 2.17 GHz Spontaneous ML 2011 [69]
1.22 µm 5 ps 275 mW at 15 ◦C 840 MHz 2008 [136]
1.31 µm 6.4 ps 100 mW at 15 ◦C 910 MHz 2010 [137]
1.52 µm 6.5 ps 13.5 mW at -8 ◦C 1.34 GHz 2003 [138]
1.55 µm 3.2 ps 120 mW at -22 ◦C 2.97 GHz Thin ICHS 2005 [139]
1.56 µm 902 fs 10 mW at 0 ◦C 2 GHz 2011 [140]
1.57 µm 16 ps 860 mW at 15 ◦C 2.58 GHz HML, wedged ICHS 2009 [P1]
1.96 µm 384 fs 25 mW at 15 ◦C 890 MHz 2011 [141]

FSF 1.06 µm 29 ps 32 mW at 15 ◦C 300 MHz 2011 [P2]

APM, additive pulse ML; EC, external compression; EP, electrically-pumped; HML, harmonic ML; ICHS, intracavity heat
spreader; ML, mode locking; RT, room temperature.

(column (a), filled circles) and pulse repetition rates and durations with respect to av-
erage output power (column (b), filled circles) achieved to date from SESAM-mode-
locked SDLs. For comparison, results from Refs. [142–150] obtained with state-of-the-
art diode-pumped solid-state lasers (open circles) representing a traditionally dominant
pulse source at high repetition rates are plotted in the same figure. It can be seen that
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Figure 3.1: (a) Average output power (top) and pulse width (bottom) vs. wavelength for state-
of-the-art SESAM-mode-locked SDLs (filled circles) and diode-pumped solid-state lasers (open
circles). (b) Pulse repetition rate (top) and width (bottom) vs. average output power for state-
of-the-art SESAM-mode-locked SDLs (filled circles) and diode-pumped solid-state lasers (open
circles).

at present the SESAM-mode-locked SDLs, covering a broader wavelength range than
diode-pumped solid-state lasers, can reach and even surpass the power and pulse perfor-
mance of the diode-pumped solid-state lasers at repetition rates from one to 100 GHz.
At repetition rates in the MHz-range, i.e., in a regime not applicable for SDLs due to
the short excited state lifetime of semiconductors, more impressive results in terms of
average output power, pulse energy and width have been obtained from diode-pumped
solid-state lasers [10, 12, 151, 152].
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3.3 Passively mode-locked high-power wafer-fused SDL
at 1.57 µm

3.3.1 Motivation

The low thermal conductivity and low refractive index contrast of semiconductor DBR
material compounds of the InP material system routinely used at the 1.55-µm wave-
length regime important for low-loss fiber-optic communication limit the output power
of 1.55-µm SDLs having a monolithically grown gain mirror [138, 153]. For InP-based
compounds tens of DBR layer pairs are needed to reach high reflectivity, which results
in a thick stack of material with high thermal resistance and an increased risk of light ab-
sorbing growth defects. The selection of other semiconductor material systems offering
DBRs of better thermal and optical quality and emission at 1.55 µm is very limited since
InGaAs/GaAs and GaInAsSb/GaSb, when grown nearly lattice-matched and with good
crystal quality, provide gain only for wavelengths shorter than ∼1.2 µm and longer than
∼1.7 µm, respectively [154, 155]. GaInNAs grown monolithically on GaAs can emit at
1.55 µm, but the high proportion of nitrogen required to decrease the bandgap and lattice
constant disturbs the structure of the lattice and may result in considerable optical losses
and poor long-term reliability [154, 156].

Heating of the gain element due to the low thermal conductance of InP-based DBRs
can be overcome with the ICHS approach for heat removal, provided that the heat
spreader is thin enough to avoid strong spectral filtering [139]. However, a thin (≤50
µm) heat spreader has a reduced cooling capacity and may bend when being mounted to
the heat sink assembly [83].

Metamorphic growth has been proposed for combining an InP-based gain section
with a GaAs-based DBR of good thermal and optical quality, but the resulting structure
suffers from threading dislocations and roughness of the interface between the two com-
pounds of different lattice constants, which has limited the output power in the range of
100 mW in CW and 15 mW in mode-locked operation [140, 157–159].

The next sections describe a set of procedures for building a high-power 1.55-µm
pulsed SDL. The introduced approaches resulted in the demonstration of a picosecond
1.57-µm SDL generating 0.86 W of average output power at 15 ◦C, a record power from
a pulsed SDL in the 1.55-µm spectral region at the time of writing this thesis [P1].
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3.3.2 Wafer fusion technology

Wafer fusion is a process in which two crystalline wafers, their surfaces cleaned from
oxides and activated for bonding by Van der Waals forces, are placed in contact un-
der pressure and fuse together at an elevated temperature due to atomic migration and
crystal growth induced by surface energy [160, 161]. Typical process parameters for
GaAs and InP wafer fusion are in the range of 3 kPa – 3 MPa, 550–650 ◦C and ∼30
min for the pressure, peak temperature and the dwell time at the peak temperature, re-
spectively [161]. At such values of pressure and temperature a uniform and smooth
contact with covalent bonds between the wafers is formed [162]. Crystals with vastly
different lattice constants can be fused together, which considerably alleviates the de-
sign constraints associated with monolithic devices that require careful adjustment of
material compositions in order to minimize lattice mismatch and control the strain accu-
mulated during growth of disparate materials. In the 1.55-µm wavelength regime wafer
fusion technology allows the best features of the highly mature GaAs and InP semi-
conductor material systems to be combined, namely a GaAs-based DBR with excellent
optical quality and an InP-based gain section capable of generating watt-level output
powers [163, 164, P1].

3.3.3 Gain chip assembly

A 35-layer-pair GaAs/Al0.9Ga0.1As DBR grown by MBE technology lattice-matched to
a GaAs substrate provides a∼140 nm stopband with peak reflectivity higher than 99.9 %
at 1.57 µm due to the large refractive index contrast of 0.44 between consecutive layers,
and exhibits an order of magnitude lower thermal impedance compared to an InP-based
DBR of the same reflectivity that would require about three times the amount of layer
pairs [25,165,166]. The GaAs/AlGaAs DBR was fused with a standard AlGaInAs RPG
section grown lattice-matched by metalorganic vapor phase epitaxy (MOVPE) on an InP
wafer [164, P1]. The RPG comprised 5x2 QWs barrier-pumped with commercial 980
nm diode bars for high-power emission at 1.55 µm. The fusion interface was formed
at a node of the standing wave optical field in the combined structure to minimize scat-
tering losses. Both the MOVPE and wafer fusion were performed at the Laboratory
of the Physics of Nanostructures at the École Polytechnique Fédérale de Lausanne, in
Lausanne, Switzerland.

The fusion process of the 2" wafers has been described in Refs. [162, 167–170]. As
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the first step, the process includes transfer of the GaAs-based DBR onto a separate InP
carrier and removal of the GaAs substrate from the GaAs/DBR/InP wafer stack. The
DBR on the InP substrate is then fused in an industrial custom-modified wafer bonding
machine to the InP gain wafer under a pressure of∼30 bars at a temperature of∼600 ◦C.
Hence, in the fusion step involving the gain section only InP wafers are fused together,
which prevents formation of dark line defects in the gain section. Defect formation is
inevitable in a fusion process of two wafers of disparate materials, due to the difference
in thermal expansion coefficients of the wafers which introduces stress and results in
bending of the wafers when the fused assembly cools down from the fusion temperature
to RT [162]. After fusing the DBR and the InP gain wafer, selective wet etching was
performed to remove the InP substrate from the gain section. The remaining InP carrier
with the DBR and gain section fused together was cut into 2.5x2.5 mm2 chips.

For efficient heat removal from the semiconductor gain region a 3x3x0.3 mm3 single
crystal CVD diamond heat spreader with birefringence smaller than 10−5 and a 2◦ an-
gle between top and bottom surfaces was capillary bonded with deionized water on top
of the gain chip. The wedged diamond avoids both mechanical and spectral problems
associated with a thin and/or flat ICHS. The negligible birefringence also prevents dis-
tortions to the laser beam and consequently to the mode content of the laser. To enable
water cooling of the gain sample, the chip-diamond assembly was mounted between two
copper plates, using indium foil between the surfaces for firm contact. The top cop-
per plate had a circular aperture of 1.5 mm in diameter for the pump and signal beams.
Finally, a two-layer TiO2/SiO2 antireflection coating was deposited on the diamond/air
interface to ensure a fringe-free spectrum and to reduce reflection losses introduced by
the tilted surface of the diamond.

3.3.4 SESAM ML of the 1.57-µm SDL

A GaInNAs SESAM was employed as a pulse favoring element in the laser. The GaIn-
NAs material system allows monolithic growth of deep long-wavelength QWs on an
AlGaAs/GaAs DBR and GaAs substrate, thereby avoiding the use of InP-based mirrors
of low optical quality [171, 172]. The SESAM comprised a 26-layer-pair AlAs/GaAs
DBR and a 0.75-λ-thick absorber section. For saturable absorption at 1.57 µm, two
highly compressively strained 6-nm-thick Ga0.6In0.4N0.035As0.965 QWs surrounded by
strain compensating GaAsN layers of 2-nm thickness were placed at the antinode of the
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optical field in the antiresonant absorber section. The significant strain in the structure,
due to the relatively low nitrogen content needed to decrease nitrogen-induced growth
defects and the consequent optical losses in the SESAM, manifested itself as a reduced
long-term reliability of the device. In particular, spontaneous cracking of the wafer was
observed in the course of the experiment. However, owing to the fast nonradiative re-
combination centers formed with the addition of nitrogen in the InGaAs lattice, the dilute
nitride SESAM inherently has a short recovery time of absorption capable of shaping
optical pulses down to the picosecond regime [173, 174]. Therefore, no post-growth
treatment was applied to the SESAM.

The Z-shaped cavity configuration used in the experiment, described in detail in [P1],
enabled the beam size to be independently adjusted at the gain sample and SESAM for
proper saturation level of the absorber and large enough ratio of the beam size at the gain
mirror to that at the SESAM to initiate stable mode locking while maintaining a cavity
roundtrip time shorter than the gain relaxation time for reduced spontaneous emission
between pulses. The mode diameter at the gain sample of 210 µm ensured delivery
of high pump powers with moderate pump intensity. Based on output characteristics
measured for the gain chip in a linear cavity in CW operation with OCs available at 1.57
µm at the time of the study, a 1.5 % OC was chosen for the experiment. However, the
CW measurements suggested that, had it been available for the pulse study, an OC of
about 2 % would have resulted in better output performance.

Figure 3.2 shows the essential results obtained from the characterization of the 1.57-
µm picosecond SDL. Summing up the power of all beams exiting the cavity, including
residual reflections from the AR coated surface of the diamond, leakage through the
folding broadband high-reflection (HR) mirror, and the light propagating through the
OC, plotted in Fig. 3.2(a), the maximum output power at the 2.6-GHz second harmonic
pulse repetition rate amounted to 0.86 W at 15 ◦C. Such a high power in mode-locked
operation is a clear indication of the low scattering losses at the fusion interface of the
gain mirror and of the small number of defects induced in the gain mirror by the fusion
process. Low nonsaturable losses in the SESAM further contribute to the high output
performance. The pulse width, shown in Figs. 3.2(a) and 3.2(b), was maintained around
14 ps with a slight increase from 13 to 15 ps as the incident pump power was increased
from 7 to 17 W. However, for pump powers larger than 12 W the number of pulses in
the cavity switched from one to two, as depicted in Figs. 3.2(a) and 3.2(c), because
the doubled repetition rate allows for more efficient extraction of energy from the gain
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Figure 3.2: (a) Average optical power emitted through the OC (squares) and pulse width (filled cir-
cles) with respect to incident pump power for the mode-locked 1.57-µm wafer-fused SDL. The dotted
line marks the transition from the single pulse regime to pulsing at the second harmonic frequency. (b)
Autocorrelation measured in the single pulse regime for an average output power of 300 mW (solid line)
and sech2 fit (dotted line). (c) Oscilloscope trace for the pulse train with a fundamental (top) and sec-
ond harmonic (bottom) repetition rate of the picosecond 1.57-µm SDL. Resolution of the measurement is
limited by the 12.5 GHz bandwidth of the photodetector used to record the output signal waveform. (d)
Optical spectrum corresponding to the autocorrelation in Fig. 3.2(b). The beam shape at the maximum
output power captured with a pyrocamera is shown in the inset.
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medium which recovers fast with intense pumping. The center of the relatively broad op-
tical spectrum capable of supporting ∼1.2 ps pulses, as shown in Fig. 3.2(d), redshifted
linearly to longer wavelengths with increasing pump power. The above described obser-
vations suggest that nonlinear pulse shaping mechanisms in the gain, influenced by pulse
fluence, did not play a major role in the laser, but the pulse duration was more likely set
by the recovery time of the SESAM or the overall GDD, neither of which was measured
due to a lack of equipment and time.

3.4 Optical pulse generation from an SDL with frequency-
shifted feedback

3.4.1 Background

The concept of a laser with frequency-shifted feedback (FSF) was proposed by Streifer
et al. as early as 1970 [175]. However, it was not until 1988 that optical pulses were
generated from a FSF laser by Kowalski et al. [122]. Since then, the FSF method has
been studied extensively for delivering picosecond pulses with pulse energies exceeding
100 nJ from fiber lasers, and pulses with durations on the order of tens of picoseconds
from bulk solid-state lasers [124,126,176,177]. Advantages of the method include easy
implementation with no need for precise adjustment of the laser pulse system parameters,
the robust and self-starting nature of ML, suitability for high-power operation, and the
possibility to electrically control the wavelength and duration of the pulses and the shape
of the spectrum, which allows for flexible integration of the FSF laser into a given system
or application [126, 127, 176, 178]. The first SDL with FSF was described in [P2].

3.4.2 Theory of FSF lasers

A comprehensive review of FSF lasers and a thorough theoretical analysis of pulse gen-
eration with FSF is provided in Refs. [125] and [123], respectively. In an FSF laser the
frequency of the light circulating in the laser cavity is shifted by a small discrete amount
for every roundtrip [122]. FSF is usually set up via the Doppler effect with an AOM op-
erating in CW mode to shift the first order diffracted light fed back to the gain medium
by an amount equal to the acoustic frequency of the AOM [122, 179, 180]. A periodic
pulse waveform builds up from the constructive interference of the set of phase-coupled
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frequency components circulating in the laser cavity, with the constant frequency sepa-
ration between them corresponding to the shift in frequency induced by the intracavity
frequency shifter. Due to the repeated shifting of the spectrum towards one end of the
gain profile shaped by a bandpass filter needed to trap the optical pulse in the frequency
domain, stable pulsed operation requires that new frequency components are generated
by nonlinear processes at the other end of the gain spectrum [123,181]. In a semiconduc-
tor medium the nonlinearities related to the changes in excited carrier density induced by
the intracavity field may create these new spectral components, which are then amplified
while crossing the gain peak after consecutive passes through the frequency shifter, and
act as a phase-seeding mechanism which establishes a slowly varying phase distribution
throughout the laser spectrum, constituting a pulse in the time domain [23, 123, 182]. In
parallel, this results in energy transfer from the center of the optical pulse to its wings,
which compensates for the one-directional energy transfer due to the frequency shift.

3.4.3 Experiment

The experimental setup for the FSF SDL, described in detail in [P2], is shown in Fig.
3.3(a). The single pass gain of the InGaAs/GaAs RPG mirror used in the study was
enhanced by a top dielectric coating with 66 % reflectivity to manage losses caused by
the ∼90 % diffraction efficiency of the TeO2 AOM operating at +1 diffraction order
in the long arm of the V-shaped laser cavity. The AOM available did not allow the
frequency shift generated in one roundtrip to be tuned. The traveling acoustic wave
in the TeO2 cell at a frequency of 80 MHz was oriented to give an up shift of 160
MHz for the intracavity light at every roundtrip. Relatively large laser cavity dimensions
were chosen to suppress reflection of the zero order diffracted beam from the cavity end
mirror, and with it the feedback having no frequency shift. The combined effect of a
25-µm-thick fused silica etalon and the enhanced gain subcavity served as an intracavity
spectral filter with a bandwidth of a few nanometers around 1.06 µm, trapping the pulse
in the frequency domain while allowing pulse durations in the ps range. A 1-%-reflective
end mirror was used in the cavity to couple out a high-quality output beam instead of the
low-quality beam from zero order diffraction, which was blocked by the mount of the
end mirror.

Careful optimization of the cavity alignment and radio frequency (RF) power applied
to the AOM was required to obtain stable ML. However, the optimal cavity alignment
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leading to stable pulsing could seemingly be achieved for any given cavity length within
the stability range of the cavity, suggesting that the length of the cavity was not a critical
parameter of the system. Self-initiated pulsing at the fundamental cavity repetition rate
of 300 MHz was observed starting from threshold to up to 70 mW of average output
power, beyond which instabilities and a CW component became dominant. The most
stable pulse train with the shortest pulses of 29-ps duration, shown in Figs. 3.3(b) and
3.3(c), was obtained at an average output power of 32 mW. The optical-to-optical con-
version efficiency of the laser was slightly below 1 %. With a frequency-tunable and
electrically-stabilized AOM more suitable for the filter and nonlinearity characteristics
of the SDL gain and cavity, shorter pulses with lower jitter at a higher average power
could be expected. A ring cavity or a standing wave cavity with the gain chip as a fold-
ing mirror could further increase the output power due to halved losses in the AOM and
doubled single-pass gain, respectively. Lower losses would allow gain designs with a
reduced cavity enhancement to be used and thus decrease broadening of the pulses in
time due to higher order dispersion and nonlinear phase changes in the gain element.
A more detailed study of the spectral characteristics and chirp of the output of the FSF
SDL might also be of interest to the scientific community.
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Figure 3.3: (a) Schematic illustration of the SDL with FSF. (b) Pulse train from the FSF SDL
with different time scales as seen on a 2.5-GHz oscilloscope. (c) Noncollinear autocorrelation
and corresponding optical spectrum at an average output power of 32 mW.
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Chapter 4

Pulse formation in
SESAM-mode-locked SDLs

Passive ML with a SESAM is the dominant and most successful approach for gener-
ating pulses from SDLs. In this chapter pulsed operation in SDLs via SESAM ML
is discussed, starting with a description of the SESAM based on the macroscopic pa-
rameters relevant to formation of pulses, and continuing with a review of the studies
addressing the theory of passive ML. Emphasis is placed on the research and modeling
of SESAM-mode-locked SDLs and on the pulse shaping mechanisms related to char-
acteristics of semiconductor material and nanostructures. Next, ML in the regime of
weak saturation of SESAM absorption is examined. Finally, pulse formation in picosec-
ond SDLs exhibiting gain perturbations during pulse transit is studied both numerically
and experimentally. Observations of harmonic ML, dynamics of pulse characteristics,
and hysteresis between different pulse regimes are presented and analyzed. As a result,
guidelines for control and manipulation of optical pulses from passively mode-locked
SDLs are proposed.

4.1 SESAM

A semiconductor saturable absorber mirror (SESAM), usually comprising a DBR topped
with a QW or QD absorber section, is characterized by its reflectivity with respect to flu-
ence (defined as energy per area) of the incident light pulse [183]. Absorption observed
at low pulse fluences decreases and consequently reflectivity of the SESAM increases
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Figure 4.1: Reflectivity versus pulse fluence for a 5-QW near-resonant SESAM

with an increase of the pulse fluence, because the initial states of the absorbing interband
transition become depleted while the final states become partially occupied [118, 184].
At very high intensities the reflectivity of the SESAM may drop due to TPA [185, 186].
Reflectivity of the SESAM as a function of pulse fluence can be modeled to reasonable
accuracy with a standard two-level system [21, 187]. Figure 4.1 shows a typical reflec-
tivity (filled dots) measured for a 5-QW SESAM as a function of the fluence of a 2-ps
pulse detuned -7 nm from the SESAM subcavity resonance wavelength. The fit (solid
line) to the data was performed using a formula derived from rate equations of a two-
level system (and modified for practical use to include TPA) for reflectivity experienced
by a monochromatic square pulse with a fluence Fp and a duration short compared to the
recovery time of the absorption [21, 183, 187–189].

4.1.1 Macroscopic parameters of the SESAM

The key parameters of the SESAM extracted from the nonlinear reflectivity curve shown
in Fig. 4.1 are modulation depth ∆R, i.e. the maximum difference between reflectiv-
ity at high and low pulse fluences, saturation fluence of the absorber FA at which the
reflectivity is increased from the low-intensity value by ∆R/e, and nonsaturable losses

35



Chapter 4. Pulse formation in SESAM-mode-locked SDLs

α0 mainly caused by defects in the semiconductor lattice and by transmission through
the bottom DBR. The inverse slope of TPA F2 determines the fluence at which TPA
decreases the reflectivity from the maximum value by a factor 1/e [186, 190]. The re-
covery time of absorption τA, which characterizes the relaxation speed of excited carriers
can be resolved with a pump-probe reflectivity measurement [191, 192]. The reflectiv-
ity observed after the pump pulse usually shows an exponential decay with two time
constants, a fast decay component of 10 fs – 1 ps originating from intraband thermaliza-
tion and cooling of carriers via carrier-carrier scattering and carrier-phonon interactions,
and a slow component of 100 fs – 10 ns that results from carrier trapping in impurity
states and recombination via recombination centers or by radiation [118, 193, 194]. At
a high pulse intensity the optical Stark effect may contribute to the change in absorp-
tion, with a recovery time constant on the order of the polarization decay time typi-
cally measured in tens of femtoseconds [8, 195–197]. The SESAM parameters and the
GDD of the device can be precisely adjusted by various methods reported for exam-
ple in Refs. [9, 198–200], [199–201], [9, 199, 202, 203], [8, 9, 198, 202, 204–206], [190],
and [9, 200, 201, 207–209] for the fine tuning of nonsaturable losses, modulation depth,
saturation fluence, recovery time, inverse slope of TPA, and GDD, respectively.

4.1.2 SESAM designs

In addition to the type of the absorbing region, SESAMs can be categorized by the
approach chosen for tuning of the macroscopic SESAM parameters.

Similarly to tailoring field enhancement in a semiconductor gain structure, the optical
field strength inside a SESAM can be tuned by adjusting the thickness and top reflectivity
of the effective GTI structure formed by the bottom mirror, absorber section and surface
of the SESAM. Depending on the top reflectivity and the detuning of the laser wave-
length from GTI resonance wavelength, a distinction is conventionally made between
resonant and antiresonant designs. Compared to an equivalent antiresonant design, a
resonant SESAM exhibits a large modulation depth and low saturation fluence benefi-
cial for easy start-up of ML [210]. On the other hand, an enhanced resonant character
increases nonsaturable losses, limits the bandwidth with suitable SESAM parameters for
ML, and lowers the damage threshold [203]. In this doctoral work, mostly antiresonant
SESAMs without a top DBR or AR coating were employed to ensure low-loss broad-
band operation favorable for ultrashort pulse generation in SDLs typically having a low
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single pass gain.

SESAMs can also be classified according to whether shortening of the recovery
time of absorption is accomplished with fast recombination centers thanks to ion bom-
bardment [204], defective crystal growth [211], or surface states [206], for example,
or by the optical Stark effect or carrier thermalization around the exciton resonance in
QWs [5, 197, 212].

4.2 Principles of passive ML in SDLs

4.2.1 Elementary concepts of ML

In this thesis fundamental or one-pulse ML refers to a condition for which all longitu-
dinal cavity modes within the lasing bandwidth are in phase at a certain moment (and
position). If this condition is met, it then follows from the fixed frequency separation
of one optical cycle per roundtrip between adjacent cavity modes that the phases of the
modes coincide repeatedly after every time period (and distance) equal to the roundtrip
time (and roundtrip length) of the cavity. In effect, an optical pulse circulates in the
laser cavity, the center of the pulse corresponding to the moment (and position) when
the modes are in phase. If only every nth cavity mode is phase-locked in this way, and
the other cavity modes between the locked modes are efficiently suppressed to avoid
supermode noise, the time period (and distance) required from one coincidence of the
phases to the next is n times shorter compared to fundamental ML due to the n times
larger separation in frequency of the adjacent locked modes, thus amounting to an n
times shorter pulse period [213–216]. In this thesis such a regime where n pulses cir-
culate in the laser cavity is referred to as harmonic ML or operation at the nth harmonic
frequency, repetition rate or order.

In general, a laser adopts the operation regime which minimizes losses [217]. If
lower losses are introduced in pulsed operation than in CW operation, the laser may
become mode-locked. With a saturable absorber, favoring of pulses occurs naturally due
to the intensity-dependent transmission characteristics. A choice between fundamental
and harmonic ML is made similarly, based on which operation regime results in the
lowest losses [218].
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4.2.2 Literature on the theory of passive ML

Since the first proposal of pulse generation via ML in the 1960’s [219], an extensive
amount of studies have been performed to theoretically describe passive ML in different
pulse duration regimes and in the presence of various pulse shaping mechanisms, the
strength of which change depending on the laser type under examination [17, 19, 220–
225]. A comprehensive review of the evolution of the most successful theoretical model
of ML, based on the master ML equation developed to a great extent by H. Haus, can
be found in Ref. [226]. In search for tutorials and papers that discuss ML from a broad
perspective one might look into Refs. [227–229]. A more precise picture of the theo-
retical models intended for short-pulse solid-state lasers in particular can be obtained
from Refs. [20, 22, 230]. For an accurate description of ML in semiconductor lasers,
models that take into account strong modulation of gain and loss per roundtrip should be
used [224, 231].

The standard description of harmonic ML is based on rate or recursive equations for
pulse energy and gain [232,233]. However, despite the vast number of studies of passive
harmonic ML, the principles for transitions between regimes with different numbers of
pulses in the laser cavity are still under active research [218, 224, 234–237].

Basic schemes of pulse formation in passively mode-locked lasers

Traditionally, the analysis of ML builds upon the time domain description of saturable
gain and absorption during pulse transit. Three basic schemes can be distinguished: ML
with a fast absorber [17, 221], ML with a slow absorber [19, 22] and ML with a slow
absorber and gain saturation [16, 238]. In addition, soliton ML with a slow absorber,
where nonlinearities compensate GDD to form close to transform-limited pulses, has
been thoroughly investigated [220, 222, 239, 240].

4.2.3 Literature on the theory of passive ML in SDLs

Although both the early studies of pulse shaping in actively mode-locked SDLs in the
1990’s and the reports of passive ML in SDLs in 2000 discussed pulse shaping, ac-
knowledging the strong chirping of pulses in particular, no systematic investigation of
pulse formation in SDLs was performed until 2002 by Paschotta et al. [3, 23, 97, 130].
Like in a report published earlier in the same year by Garnache et al., short pulse opera-
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tion was accounted for by a balanced interplay between normal chromatic cavity disper-
sion and self-phase modulation from refractive index changes in semiconductor struc-
tures, showing similarity to soliton ML frequently observed in fiber and bulk solid-state
lasers [23, 24, 241].

Since then, a large part of the theoretical considerations have been devoted to ex-
plaining the occurrence of sub-ps pulses in SDLs exploiting SESAMs with a near-
surface QW typically placed ∼2 nm from the semiconductor structure surface of the
SESAM to advance fast surface recombination and trapping [196, 212]. Mechanisms
such as the optical Stark effect and rapid excitonic recovery of absorption, as reported
in Refs. [63, 64, 196, 197, 242, 243] and [5, 46, 67], respectively, have been proposed as
being responsible for pulse shortening. These effects are negligible for the picosecond
SDLs presented in this thesis, but for completeness they will be covered in more de-
tail in Section 4.2.5. Despite the apparent efforts to understand sub-ps pulse formation
in SDLs, no analytical nor numerical approach to model passively mode-locked SDLs
that includes all the above mentioned phenomena has been presented. Such a model
would require the fast carrier thermalization effects and the inhomogeneous nature of
the carrier distribution in the semiconductor elements of the laser to be taken into ac-
count [46]. Furthermore, the dominant mechanism behind shortening of pulses into the
100-fs regime still remains unclear, not least because of the large variation of system
parameters such as pulse fluence and repetition rate in SDLs where sub-ps pulses have
been observed [5, 64].

Fully distributed or simplified analytical time-domain models and simulations that
minimize the use of macroscopic phenomenological fitting parameters (that require ex-
perimental characterization of semiconductor structures) and instead draw from first
principles employing e.g. semiconductor Bloch equations have also been presented for
optimization of pulse generation in SDLs [68, 244–247]. However, the heavy calcula-
tions inherent to such models reduce their attractiveness for engineering purposes.

In addition, investigations on picosecond pulse dynamics in SDLs in the regime of
multiple pulses in the cavity and with weak saturation of absorption have been performed
by the author in [P3–P6]. The results obtained from these studies are reviewed in Sec-
tions 4.3 and 4.4.
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4.2.4 Pulse shaping in SESAM-mode-locked SDLs

Considering the large gain cross section of semiconductors and typical pulse durations
in SDLs compared to SESAM recovery times, amongst the basic schemes of passively
mode-locked lasers ML with a slow saturable absorber in the presence of strong gain
saturation best characterizes pulse formation in a SESAM-mode-locked SDL [13, 16,
188, 224]. In this ML scheme the net gain window for a pulse opens if the absorber
saturates faster than the gain, i.e., if the saturation energy of the absorber is much lower
than that of the gain. The net gain window remains open until the gain is saturated to
a level where losses surpass gain. Theory and experiments suggest that for stable ML,
the saturation energy of the gain must be about an order of magnitude larger than the
saturation energy of the absorber [229, 238, 248]. In the absence of additional pulse
shaping mechanisms, the pulse duration relates to the width of the net gain window
determined by the interplay of absorber saturation and gain depletion, where, however,
the intrinsic absorber recovery time, governed mainly by interband relaxation of carriers,
has a major role.

Analysis of pulse shaping in SESAM-mode-locked SDLs has been to a large ex-
tent based on numerical simulations, which, although perhaps lacking physical insight
compared to bulky analytical models of mode-locked semiconductor lasers [224, 231],
are far less limited in applicability and have been proven suitable for engineering pur-
poses [25, 188, 249, P4]. Section 4.2.6 reviews the numerical methods used in this doc-
toral work.

4.2.5 Pulse shaping in fs SESAM-mode-locked SDLs

Pulses much shorter than the interband recombination time of the absorber can be ob-
served in passively mode-locked SDLs if additional mechanisms like the optical Stark
effect, spectral hole burning in the SESAM and gain, and rapid carrier thermalization,
introduced in the next subsections, contribute to pulse shortening and turn the semicon-
ductor elements into effectively fast pulse shapers [46, 63, 197]. A necessary condition
for ultrashort pulse formation is the minimization of the chirp, conveniently provided for
SDLs by soliton-like ML, i.e., the interplay of dispersion and self-phase modulation in
the semiconductor elements [23].
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Soliton-like ML

In contrast to other solid-state lasers, for which no significant dynamic gain saturation
takes place but the gain is saturated to a constant value by the average intracavity in-
tensity, semiconductor lasers can exhibit a large gain depletion during the pulse transit
through the gain medium. The dynamic gain saturation is further followed by fast gain
recovery between pulses. In a semiconductor saturable absorber, on the other hand, a
change of opposite sign compared to that in the gain is generated in the excited car-
rier density when an optical pulse bleaches the absorber. Changes in the excited carrier
density are directly related to changes in the refractive index of semiconductor material
through the linewidth enhancement factor derived from Kramers-Kronig transforms con-
necting the refractive index and absorption of a material [23, 250–252]. Consequently,
changes that are nonlinear in time are induced to the phase of the carrier wave of the
pulse. When summed up, the net variation in refractive index from gain and absorber
saturation in a roundtrip of a pulse typically observed in SDLs corresponds to a phase
change that can be compensated for by normal intracavity GDD [23]. Therefore, anal-
ogously to soliton ML but with self-phase modulation replaced by phase changes of
opposite sign caused by modulation in carrier density, with an appropriate amount of
normal GDD pulse broadening effects eliminate each other, and a pulse much shorter
than the recovery time of the absorber can be sustained [239, 240].

Soliton-like ML in SDLs results in close to transform-limited sech2-shaped pulses
characteristic of traditional optical solitons; however, the inverse dependence of pulse
duration on pulse energy and the independence of pulse duration of the absorber recov-
ery time predicted by the soliton theorem are not fulfilled [46, 253]. The first systematic
experimental evidence of soliton-like pulses in SDLs was provided in 2010 by Hoffmann
et al. in a study which confirmed the normal cavity dispersion regime to be more favor-
able for short pulse generation compared to the anomalous regime in SDLs where phase
effects in the absorber dominate [254].

Spectral hole burning and fast carrier thermalization

If the gain bandwidth is broad enough and pulse stretching effects are small, i.e. cavity
GDD is minimized or compensated for by nonlinear phase changes, the duration of a
pulse may approach the scattering times of electrons and holes in the QWs of the gain
structure [46]. The pulse can then burn a spectral hole in the inhomogeneous carrier
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distribution of the gain element, as the pulse removes carriers faster than scattering pro-
cesses can refill the states [63]. This causes loss or reduced gain for the pulse tail, which
limits pulse energy and shortens the pulse from the trailing edge [63, 255].

Similarly, when the pulse duration approaches the dephasing time of electron-hole
pairs in SESAM QWs, spectral hole burning of the absorption may occur [5]. Electron-
hole pairs lose coherence through scattering processes in a time on the order of ∼100 fs,
giving rise to a recovery mechanism of absorption capable of shaping ultrashort pulses
[46, 193, 256]. Comparable dynamics occur with an excitonic resonance in SESAM
QWs, for which spectral hole burning due to exciton-exciton bleaching by phase-space
filling may occur, if the pulse duration approaches the dephasing time of excitons [257].
Such a saturable absorption mechanism recovers on the∼100-fs timescale of the exciton
ionization via interaction with thermal (longitudinal optical) phonons.

Femtosecond pulse generation reported by Klopp et al. in Refs. [5, 46, 67] has been
partly accounted for by the carrier thermalization effects leading to rapid recovery of
absorption.

ML assisted by the optical Stark effect

The optical Stark effect refers to the splitting of energy states by an intense optical field,
which, within the framework of excitonic absorption in semiconductor QWs and nonres-
onant excitation, manifests itself as a near-instantaneous spectral shift of the absorbing
resonance and an effective fast saturable absorber mechanism [8, 63, 258]. Particularly,
if the optical field is applied at a wavelength longer than the exciton resonance, a strong
blue shift of the resonance peak associated with the generation of virtual excitons is in-
duced [212, 259]. The virtual exciton populations persist only as long as the exciting
pulse, resulting in a recovery of absorption on the timescale of the pulse duration when
the resonance shifts back.

The nonresonant optical Stark effect was observed in semiconductors in the mid-80’s
and explained theoretically soon afterwards [195,259–262]. In SDLs the influence of the
Stark effect on pulse shortening was first proposed by Garnache et al., who exploited a
SESAM of the surface recombination type to generate sub-500 fs pulses [24]. Since then,
the Stark effect has been claimed to contribute to the fast response of QW-SESAM ab-
sorption in numerous studies [63, 64, 196, 197, 242]. Although theoretical investigations
on the magnitude and impact on pulse duration of the Stark effect in a saturable absorber
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exist, no direct experimental evidence confirming its role in shaping ultrashort pulses in
SDLs has yet been presented, mainly because of difficulties in distinguishing between
contributions from the different potential pulse shortening mechanisms discussed in this
section [197, 242, 243, 249].

According to the latest estimations, at full saturation of the SESAM, the optical Stark
effect becomes effective at pulse durations below ∼800 fs (when approaching the polar-
ization decay time) and may shorten the pulse to the point where pulse lengthening due
to effects such as gain filtering and GDD compensates it fully [243].

4.2.6 Pulse propagation simulation of an SDL

A simulation of a pulse circulating in an SDL cavity can give useful insight into how
different parameters of the laser affect the pulse properties and performance of the laser.
An analytical approach for describing passive mode locking may require a number of
approximations, whereas with numerical simulations more subtle effects including tem-
poral and spectral shape of the pulse and stability of different operation regimes can be
investigated [17, 19, 23, 188, 239]. Moreover, simulations provide direct access to the
consequences of changing particular setup parameters, presenting a laser engineer with
intuitive and fast means to improve the current system design.

Some of the lasers demonstrated in this thesis were simulated using a non-commercial
software, which models the optical pulse as a superposition of a few thousand (typi-
cally 4096) complex amplitudes oscillating within the roundtrip time period, starting
from white noise [210, P4,P5]. The software was originally developed by R. Herda to
model fiber lasers [201]. Within the studies presented in this thesis, the software was
customized in order to simulate the semiconductor gain element. The model excludes
thermal effects due to intense pumping, the optical Stark effect, and ultrafast carrier dy-
namics in the semiconductor elements of the laser. This reduces the reliability of the
model at very high power levels and for pulse durations much below 1 ps. As in a true
laser, in the model the pulse propagates sequentially through cavity elements described
in the computer program with appropriate operators. Operators are applied to the pulse in
either the time or the frequency domain and their impact on the pulse calculated with ei-
ther analytical or numerical methods, whichever is more suitable. The required elements
for modeling an SDL are the saturable gain, saturable absorber, chromatic dispersion
and nonlinear phase change in semiconductor structures, and the gain filter. Cavity loss
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including output coupling was also incorporated into the model.
The temporal responses to an optical pulse experienced by the semiconductor gain

element and absorber are essentially identical; the gain is depleted by the pulse in a
similar way that the pulse saturates the absorption. Therefore, for the wavelength in-
dependent power gain coefficient g and power loss coefficient q we have rate equa-
tions [17, 21–23, 263, P4,P5]

dg(t)
dt

=
g0−g(t)

τG
− g(t)|A(t)|2

EG
(4.1)

and

dq(t)
dt

=
q0−q(t)

τA
− q(t)|A(t)|2

EA
. (4.2)

Here, g0 is the small-signal gain coefficient, τG is the gain recovery time, EG and EA

are the saturation energies for the gain and absorber, respectively, and q0 is the unsatu-
rated loss, which represents the modulation depth of the SESAM. For the instantaneous
power of the complex slowly varying electric field envelope A of a pulse after and before
transmission through gain and absorber we have the relation [263, 264]

|Ai+1(t)|2 = |Ai(t)|2exp[g(t)−q(t)] , (4.3)

calculated with a first order approximation by the software.
Chromatic dispersion and nonlinear phase change can be modeled with a modified

nonlinear Schrödinger equation

∂A(z̃,T )
∂z̃

=− i
2

D2
∂2A(z̃,T )

∂T 2 +
1
6

D3
∂3A(z̃,T )

∂T 3 +
1
2
(1− iαG)g(z̃,T )A(z̃,T )− 1

2
lGA(z̃,T ) ,

(4.4)

which describes the evolution of the field envelope of a pulse propagating in the gain
element [45,251,265–270, P5]. Here, z̃ is the normalized position and T represents time
in the rest frame of the pulse. D2, D3, αG and lG are the second and third order dispersion,
linewidth enhancement factor and intrinsic losses for the gain element, respectively. For
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pulse propagation in the absorber, a similar equation can be used with the saturable gain
replaced by saturable absorption and the other parameters changed accordingly.

Equations 4.1 and 4.2 are solved by approximating the pulse shape with piecewise
constant sections [210]. Equation 4.4 is solved numerically with the split-step Fourier
transform method [210,266,271]. Gain filtering can be included in the frequency domain
step. The gain filter is applied to the pulse by multiplying the Fourier transform of
the pulse envelope by a filter function of appropriate shape and bandwidth. Gaussian
filtering was used in the simulations.

Alternatively to calculating dispersion and nonlinear phase effects from equation 4.4,
a dispersive element can be combined with the gain filter and applied to the pulse in one
step in the frequency domain [P4]. The changes in the phase Φ of the slowly varying
pulse envelope induced in the gain are then obtained (in the time domain) from [23]

∆Φ(t) =−1
2

αGg(t) , (4.5)

with A(t) = |A(t)|exp{i[Φ(t) + ∆Φ(t)]}. In the absorber similar phase changes but of
different sign, involving the linewidth enhancement factor of the absorber, occur. Given
that the linewidth enhancement factors are positive for semiconductors within the scope
of this thesis, contributions to the phase of a pulse due to depletion of the gain and
bleaching of the absorption amount to up-chirp and down-chirp, respectively [23, 250,
251].

In simulations shown in this work, the values of the above mentioned model parame-
ters were chosen to closely match the values measured or evaluated for a true laser setup.
However, many parameters of an SDL under operation are difficult to determine because
of their complex dependence on factors like carrier density, temperature and the quality
of semiconductor growth. Examples of typical values for simulation parameters can be
found in [P3–P5].

4.3 ML with weakly saturated absorbers

4.3.1 Incentives

The pursuit of multigigahertz pulse repetition rates and high quality pulses free from
pulse broadening nonlinearities in the semiconductor elements of the SDL makes the
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regime of operation with a pulse energy comparable to or lower than the saturation en-
ergy of the absorber of high practical importance [5, 134]. This regime becomes more
critical still when using QW (instead of QD) absorbers, for which a low value of sat-
uration fluence is challenging to achieve without compromising the bandwidth of the
device [203, 272].

Results obtained from high-repetition-rate SDLs indicate that stable, clean pulsing
may occur at a low level of absorber saturation [273]. In the referenced study it was pro-
posed, however not further analyzed, that a new driving mechanism could be responsible
for ML in this regime.

Systematic experimental evidence of how the modulation depth of the SESAM af-
fects the pulse duration in SDLs provides valuable information for engineers aiming to
build optimized pulse sources.

The next sections describe and discuss pulsed SDLs operating at a low level of
absorber saturation with SESAMs covering a wide range of modulation depths. The
development of ML demonstrated with partial bleaching of the SESAMs is explained
qualitatively by applying the standard model for saturable gain and absorption to the
circumstances of the experiment [P3]. Pulse duration is shown to strongly decrease with
an increase in modulation depth.

4.3.2 Experiment

The effect of modulation depth on pulse duration was investigated in a SESAM-mode-
locked SDL. A detailed description of the experimental setup can be found in [P3]. A
number of SESAMs with different modulation depths in the range of 9–16 %, obtained
by controlling the enhancement of the subcavity resonance typically detuned a few nm
to shorter wavelengths from the laser emission set by the gain resonance at 1058 nm,
were tested under operating conditions as similar as possible. The SESAMs had a few-
ps recovery time attained by Ni irradiation [274]. For an increased single pass gain
matching the losses introduced by the SESAMs, a 5-QW gain element with a 66 %-
reflective top coating was employed in the experiment.

Stable, self-starting ML was observed for all the SESAMs, even at pulse energies
notably below the saturation energies of the SESAMs. Figure 4.2(a) shows the pulse
duration with respect to modulation depth measured at a pulse fluence of 6 µJ/cm2 at the
SESAM, corresponding to the saturation parameter S=Fp/FA < 0.13. The experimen-
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Figure 4.2: (a) Experimental (filled squares) and simulated (open circles) pulse duration as
a function of modulation depth. (b) Gain and absorber dynamics simulated for various cavity
lengths and constant output power of the SDL corresponding to different saturation levels of the
SESAM with a modulation depth of 12 %.

tal pulse duration (filled squares) decreases with modulation depth and roughly follows
a 1/∆R -dependence supported by numerical simulations (open circles) performed for
low-energy pulses (S=0.15) with methods and parameters described in Section 4.2.6 and
in [P3], respectively. The 1/

√
∆R -fitting acts as a reference representing the guide-

line for pulse duration derived for solid-state lasers under strong saturation of absorp-
tion [22]. Variation in nonsaturable losses and subcavity detuning of the SESAM sam-
ples, resulting in unequal pumping conditions and dispersion between experiments with
different SESAMs, may explain the scatter in the experimental data. However, accord-
ing to simulations, even a large variation in dispersion on the order of a few thousand
fs2 has little effect on the picosecond pulse duration, which is determined largely by the
response of the absorber.

4.3.3 Discussion

As class-A lasers, SDLs exhibit low noise and operate in high-Q cavities with negligible
spontaneous emission captured by the laser mode [275]. Repetition rates exceeding the
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inverse gain relaxation time and pulse energies far below the saturation energy of the gain
reduce the distinctive gain excursions by every consecutive pulse characteristic of semi-
conductor gain medium and drive the gain dynamics closer to those of a slow medium
saturated to a nearly unchanged level by the average power. Together these features re-
sult in a reduced modulation of absorber loss required to open the net gain window and
to initiate and stabilize ML in the regime of low saturation of absorption. There is no
need for an additional pulse shaping mechanism. The tendency for the gain and absorp-
tion perturbations to diminish with increasing repetition rate or decreasing pulse energy
is illustrated in Fig. 4.2(b), where gain and absorber dynamics have been plotted for a
high-power SDL with a fundamental cavity repetition rate varying from 500 MHz to 50
GHz. For constant output power the saturation parameter S varies correspondingly, from
10 to 0.1.

ML at low absorber saturation has not been observed with conventional solid-state or
fiber lasers because of their tendency for Q-switching (or Q-switched ML in particular) at
low pulse energies, which arises from the accumulation of pumped energy in the slowly
relaxing medium insufficiently depleted by a single low-energy pulse [21, 276]. SDLs,
on the other hand, are almost free from Q-switching instabilities due to the large gain
cross section and short relaxation time of the gain, which is comparable to the roundtrip
time of typical SDL cavities [13, 21, 134, 277]. Furthermore, with harmonic ML the Q-
switching stability criterion for minimum pulse energy is alleviated in direct proportion
to the harmonic number [21, 144]. Only in extreme conditions, for a pulse period much
shorter than the relaxation time of the gain, has behavior reminiscent of Q-switched
ML with slow variations in the amplitude of the pulse train envelope been observed in
SDLs [6].

4.4 Harmonic ML

4.4.1 Background and motivation

Harmonic ML, as defined in the introductory part of the earlier section in this chapter
describing the elementary concepts of ML, implies that several equally spaced pulses
circulate in the laser cavity [236]. In SDLs mode-locked with a SESAM the physical
cavity dimensions set an upper limit of about 50 GHz for the repetition rate of one-pulse
ML [134]. Harmonic ML allows repetition rates beyond 100 GHz to be achieved with
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relatively long cavities and conventional sample designs [5, 6, 273]. These high pulse
repetition rates indicate potential for high-speed optical sampling and clocking, as well
as arbitrary waveform generation and data transfer at terahertz bit rates with multiplexing
techniques [278–280].

4.4.2 Mechanisms of multiple pulse formation in SDLs

In SESAM-mode-locked lasers at intracavity pulse fluences strongly exceeding the satu-
ration fluence of the SESAM, high saturation of the absorber results in reduced discrim-
ination by the SESAM between states with different numbers of pulses in the cavity. At
a high enough fluence, reduction of the absorber loss due to more complete bleaching
becomes smaller than the increase of loss due to TPA and gain filtering [46, 67, 218]. A
state with a higher number of equidistant pulses circulating in the cavity with a smaller
fluence may then exhibit lower losses, making a switch to the regime with more pulses
likely.

The short gain relaxation time and large gain cross section of semiconductor media
favor high pulse repetition rates in SDLs for more efficient extraction of the pumped
energy from the gain element [5, 112, 229, 277]. A high pulse repetition rate reduces
the energy wasted in spontaneous emission between pulses. Furthermore, the fast gain
saturation in the semiconductor for each pulse at a time results in higher gain for low-
energy pulses compared to high-energy pulses [187].

In fs-SDLs delivering intense pulses of duration comparable to the intraband carrier
thermalization time in QWs, the tendency for harmonic ML or multiple pulse operation
is pronounced due to spectral hole burning [5]. The shorter the pulse duration the lower
the pulse energy needed for saturation of the absorber, because an increasing part of
the absorption bleaching comes from spectral hole burning instead of band filling. The
consequent lower saturation fluence manifests as an oversaturated absorber that can no
longer suppress additional pulses which use the gain more efficiently and exhibit lower
losses from TPA [5]. Analogously, an ultrashort pulse can deplete the gain faster than
scattering effects refill the states, which decreases the energy available in the gain for
one pulse [63]. Multiple pulsing or harmonic ML is favored for pulses with durations
below ∼300 fs, as the gain is not depleted by a single pulse but the remaining excited
carriers are available for additional pulses after thermalization and cooling of carriers on
a∼1-ps timescale [63]. Ultrashort pulses allow very high repetition rates to be achieved.
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In Ref. [5] ML at the 18th harmonic repetition rate at 92 GHz was detected.

Coupling the lasing modes to an extracavity frequency-selecting element such as an
etalon presents another way to scale up the pulse repetition rate in SDLs independent
of the pumping or saturation levels. In Refs. [6, 273] harmonic ML was reported at the
149th and 117th harmonic frequency at 147 and 175 GHz, respectively, with the help of
coupling between the laser cavity and the substrate of the SESAM or a diamond heat
spreader.

4.4.3 Experiment

In the early experiments to mode-lock an SDL at the ORC, a z-cavity configuration
was chosen for its straightforward alignment process and independent controllability of
mode sizes at the gain element and SESAM. The length of such a cavity is inherently on
the order of tens of centimeters for a mode size at the gain mirror matching the typical
pump spot size for optical pumping, and that at the SESAM ensuring strong saturation
for guaranteed favoring of pulsed over CW regime. Therefore, the cavity roundtrip time
approaches or exceeds the ∼1-ns relaxation time of the semiconductor gain medium,
and at high pumping an increase in the number of pulses in the cavity results in more
efficient extraction of the pumped energy for the lasing modes. A resonant gain element
was used in the experiments for its high tolerance for losses introduced by the SESAM,
cavity and possible mismatch of the pump spot and mode size. Although antireflection
coated, the gain chip still exhibited high differential gain, which further increased the
likelihood of multiple pulses even at pump powers close to threshold.

Harmonic ML in an SDL was observed in the experiment reported in [P4]. The setup
used for characterization of the gigahertz pulse train is described in Ref. [281]. For edge
emitting semiconductor lasers the tendency to switch to harmonic ML had been already
observed in the eighties, but this was the first time harmonic ML was documented for an
SDL [235, 282]. At the onset of lasing one-pulse ML was detected, but with an increase
of pump power the number of equidistant pulses circulating in the cavity increased. ML
at up to the 6th harmonic frequency of the cavity corresponding to a repetition rate of
2.1 GHz could be achieved. The data obtained from all measurement devices including
an oscilloscope and a heterodyne RF analyzer connected to a fast photoreceiver were
consistent with the picture of harmonic ML [P4]. Figure 4.3 shows the oscilloscope
trace and RF spectrum for ML at the fundamental, second and third harmonic order. The
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Figure 4.3: (a) Oscilloscope trace and (b) RF spectrum of the SDL pulse train recorded with
a 12-GHz photodiode for fundamental (top), 2nd harmonic (middle) and 3rd harmonic (bottom)
ML.

almost complete suppression (by ∼60 dB) of the cavity fundamentals in the RF spectra
for the harmonic ML is a firm indication of a highly periodic pulse train [233].

The number of pulses circulating in the cavity was found to depend more or less
linearly on pump power. This trend was confirmed by numerical simulations performed
with methods described in Section 4.2.6. The experimental (filled squares) and simulated
(open circles) number of equidistant pulses in the cavity are plotted in Fig. 4.4(a) with
respect to absorbed pump power. ML at each harmonic could be observed for a range of
pump powers roughly centered around the plotted values where the most stable opera-
tion with a nearly constant pulse width and energy of ∼15 ps and ∼15×EA, respectively,
was attained. Clean pulsing at repetition rates higher than 2.1 GHz was not observed in
the experiment, in part due to the oversaturated absorber which allowed noise to develop
with an increase in pump power. The differences between the experimental and simu-
lated pulse number can be accounted for by a mismatch between simulation parameters
and the parameters of the true laser setup, as no extensive iterations were made to adjust
the simulation parameters.
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Figure 4.4: (a) Experimental (squares) and simulated (circles) harmonic order in a SESAM-
mode-locked SDL as a function of absorbed pump power. (b) Photoluminescence from the gain
element of a SESAM-mode-locked SDL with respect to pump power. The arrows highlight the
abrupt drops in the PL signal that correspond to up shifts in the harmonic order.

As expected, shifts to higher harmonics were accompanied by a reduced spontaneous
emission level, which can be seen in Fig. 4.4(b) showing the photoluminescence (PL)
measured at a large angle to the surface normal of the gain chip to avoid disturbance of
the emission by cavity effects in an experiment similar to that reported in [P4]. The im-
proved energy extraction from the gain element by a large number of pulses is observed
as a decreased slope of the PL signal with respect to pump power for higher harmonics,
as a smaller amount of the increased pump power is wasted in spontaneous emission
between pulses.

4.4.4 Ordering of pulses

The high periodicity of pulses observed in the experiment described in Section 4.4.3 sug-
gests that a strong pulse ordering mechanism must be present in a harmonically mode-
locked SDL. Pulse ordering was studied with numerical simulations by monitoring the
formation of pulses from white noise over a long time period corresponding to∼1.5×106

roundtrips in the cavity. In Fig. 4.5(a) the evolution of ML at the 5th harmonic frequency
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Figure 4.5: (a) Evolution of ML at the 5th harmonic frequency. Power distributions of the pulse
sequence within one roundtrip time are shown at an early (top) and late (bottom) stage of pulse
train formation. The middle graph illustrates the evolution of the temporal positions of the pulses
with respect to roundtrip number. (b) Laser dynamics for non-steady-state 5th harmonic ML
developed 40000 roundtrips from white noise. Power distribution, saturable gain and saturable
absorption within the roundtrip period are shown in top, middle and bottom panels, respectively.
The arrows in the top panel represent the direction and strength of the drifts of pulses relative to
each other.

is illustrated, showing a power distribution within one roundtrip time Tr of the SDL
cavity for a disordered pulse sequence at an early stage of ML (top), and for a fully
ordered pulse sequence (bottom), after 105 and 1.3×106 roundtrips from the onset of
harmonic ML, respectively. The temporal position of the pulses has been plotted within
one roundtrip time (on the x-axis) with respect to roundtrip number (on the y-axis) in
the middle panel of Fig. 4.5(a). It can be seen that the initially disordered sequence of
pulses with diverse intensities evolves to a train of identical pulses within about 4×105
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roundtrips.

Gain saturation with pulse transit and the recovery of the gain on a timescale compa-
rable to or longer than the pulse period were identified as the main mechanisms behind
the drift of pulses towards a highly periodic pulse sequence. In the gain element, the lead-
ing edge of the pulse undergoes stronger amplification than the trailing edge of the pulse.
This manifests itself as an effective shift of the pulse forward in time. The pulse ordering
mechanism relies on the fact that the magnitude of the temporal shift experienced by a
pulse is essentially determined by the gain available for – or more precisely, the gain
depleted by – the pulse at the time of the transit through the gain element [233]. For
example, a short period between two pulses and the consequent short time for gain re-
covery between the pulses results in a low gain level for the second pulse, which thereby
experiences a small temporal shift and is left behind relative to the first pulse. As a result,
the pulse interval is increased towards a balanced value [283]. Conversely, a long pulse
interval provides a strong shift forward in time for the second pulse.

The ordering mechanism is illustrated in Fig. 4.5(b), where the optical power for
non-steady-state 5th harmonic ML after having evolved 40000 roundtrips from white
noise (top) together with the corresponding SDL gain (middle) and saturable absorp-
tion (bottom) are plotted against time spanning one roundtrip period. The direction and
length of the arrows in the top panel of Fig. 4.5(b) represent the direction and magnitude
of the temporal shifts of the pulses with respect to the average time shift experienced by
the pulses.

The contribution of saturable absorption to pulse ordering was found to be negligi-
ble, due to the short absorber recovery time compared to the pulse spacing. The drift
backwards in time caused by SESAM saturation is constant for all pulses. Furthermore,
although influencing the pulse duration, dispersion and nonlinear phase effects were
found to have little impact on the strength of pulse ordering for the studied low-power
SDL not operating in the soliton regime.

4.4.5 Dynamics of pulse characteristics

Harmonic ML in an SDL can be readily observed in the pulse characteristics of the laser
with respect to pump and output power. Particularly, the pulse characteristics exhibit
notable changes when the laser shifts from one state of operation to another with a dif-
ferent number of pulses in the cavity. In Fig. 4.6 the duration, time-bandwidth product
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Figure 4.6: Pulse characteristics for ML at the fundamental, second and third harmonic rep-
etition rate. (a) and (b) Pulse width, (c) and (d) time-bandwidth product, (e) and (f) center
wavelength with respect to output power and pulse energy, respectively.
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and center wavelength of the pulses delivered by a SESAM-mode-locked SDL reported
in [P5] have been plotted with respect to output power (left column) and pulse energy
(right column). The pulse characteristics versus output power show distinctive differ-
ences between ML at the fundamental, second and third harmonic cavity repetition rate
of 1 GHz. However, with respect to pulse energy, a regular increase of pulse duration,
time-bandwidth product and center wavelength is measured for all the states of opera-
tion.

The nonlinear phase changes related to the carrier density changes induced by the
pulses in the semiconductor elements – particularly in the gain structure – of the SDL
largely explain the observations shown in Fig. 4.6. The phase changes increase with
pulse energy, because a more energetic pulse depletes the gain and saturates the SESAM
more efficiently. The (negative) phase contribution from the SESAM is not expected
to change much with pulse energy in typical SDLs operating at full saturation of the
absorber, even for pulses with the lowest energy. Phase changes in the gain element thus
dominate, and the pulses are broadened at high pulse energies due to increased up-chirp
in the presence of normal dispersion, as shown in Figs. 4.6(a)–(d). Sharp steps in pulse
characteristics with respect to output power occur with a change in harmonic number as
the pulse characteristics follow the more or less linear dependence on pulse energy. The
decreased slope of the pulse broadening with output power for the higher harmonics is
because the intracavity energy added with an increase of pump power (amounting to the
increase in output power) is divided by a larger number of pulses at the higher repetition
rate.

The red shift with output power and pulse energy seen in Figs. 4.6(e) and 4.6(f)
cannot be of thermal origin because of its discontinuous dependence on pump and output
power. Rather, the center wavelength changes with the amount of gain saturation induced
during pulse transit. Specifically, the up-chirped pulses observed in the studied SDL
experience a red shift in the gain element because of the larger amplification of the low-
frequency spectral components in the leading edge of the pulse compared to that of the
high-frequency components in the trailing edge of the pulse. The higher the pulse energy
the faster and more complete the gain depletion, and the more pronounced the red shift
of the pulse. For example, the abrupt steps to shorter wavelengths with an increase in the
pulse repetition rate seen in Fig. 4.6(e) are a result of the weaker red shift in the gain for
the pulses with lower energy. The blue shift of the pulse in the SESAM due to the higher
reflection of the trailing edge compared to the leading edge of the pulse is not expected

56



4.4. Harmonic ML

to change much with respect to pulse energy in the studied regime of strong saturation
of the SESAM.

Gain dynamics during one roundtrip time simulated for fundamental, second and
fourth harmonic ML are shown in Fig. 4.7(a). The simulations were run at a constant
pump and output power, resulting in a nearly constant rate of gain recovery between
pulses for different harmonics [217, 246]. An increase in the pulse repetition rate then
implies less complete gain recovery, a decreased pulse energy and lower pulse-induced
gain depletion. Consequently, pulse distortions and wavelength shifts due to gain per-
turbations are smaller for ML at high harmonics. The strong effect of gain saturation
during pulse transit on the center wavelength of the pulse is further illustrated in Fig.
4.7(b) showing optical spectra for different harmonics observed for a SDL reported in
[P4]. In contrast to the thermal red shift with increasing pump power usually expected
for semiconductor lasers, a blue shift with harmonic number is observed even though the
pump and output powers increase with the harmonic number [50]. Figure 4.7(c) shows
the SDL input-output light relation corresponding to the pulse characteristics measure-
ments of Fig. 4.6. A small step-like increase in output power can be observed at around
1.1 and 1.35 W of pump power where the laser shifts up in harmonic number and the
energy wasted in spontaneous emission is decreased.
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Figure 4.7: (a) Gain dynamics (top) simulated for an SDL delivering mode-locked pulses (bot-
tom) at the fundamental, second and fourth harmonic cavity repetition rate. (b) Optical spectra
measured for ML at different harmonics. (c) Input-output light measurement corresponding to
the results shown in Fig. 4.6.
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4.4.6 The effect of dispersion on pulse characteristics

SDLs showing a strong tendency for harmonic ML typically take advantage of gain de-
signs with high differential gain, such as the RPG structures employed in the harmoni-
cally mode-locked SDLs studied in this thesis. As discussed in Section 2.1.3, these kinds
of gain elements exhibit distinctive variations of dispersion around the subcavity reso-
nance wavelength, which may in part explain the broadening of pulses in time frequently
observed in harmonically mode-locked SDLs [P4–P6].

The effect of second and third order dispersion on the pulse characteristics of SESAM-
mode-locked SDLs was investigated with numerical simulations [P5]. Particularly, the
aim was to identify the dispersion regime responsible for the results shown in Fig. 4.6.
Anomalous second order dispersion resulted in time-broadened pulses seeming to cor-
respond to those observed in the experiment. However, unlike in the experiment, re-
gardless of the sign of third order dispersion the pulses blueshifted with an increase in
pulse energy, because of the down chirp and the pronounced difference in amplification
between the leading edge and the trailing edge of the pulse at high pulse energies. Nor-
mal second order dispersion together with zero or negative (D3<0) third order dispersion
led to nearly transform-limited pulses with durations much shorter than in experiments.
The dispersion regime for which the simulations matched the experimental results was
normal second order and positive third order dispersion. Figures 4.8(a) and 4.8(b) show
the experimental and simulated optical spectra obtained for fundamental ML at different
pulse energies, respectively. The shape and red shift of the simulated spectra closely
resemble the measured spectra. With normal second order and positive third order dis-
persion also the dependence of the simulated pulse duration and time-bandwidth product
on pulse energy followed the trends seen in Fig. 4.6 [P5]. Positively chirped pulses can
be expected with the specified dispersion regime, as confirmed by an earlier experiment
in which pulses from an SDL similar to that reported in [P5] were externally compressed
down to 1 ps with anomalous dispersion [P4].

The presented investigation suggests that the large third order dispersion, inherent to
RPG structures near the gain resonance, may prevent quasi-soliton pulse formation, and
significantly contributes to the pulse broadening observed in the harmonic ML experi-
ments. Shorter pulses could be obtained by tuning the laser wavelength with respect to
gain resonance with an intracavity filter or etalon, for example, or by decreasing the field
enhancement in the RPG element.

58



4.4. Harmonic ML

1 0 6 2 1 0 6 4 1 0 6 6 1 0 6 8 1 0 7 0 1 0 7 2

 

 

Int
en

sity
 (1

0 d
B/d

iv.)

W a v e l e n g t h  ( n m )

P u l s e  E n e r g y  
 1 . 4 5  n J
 1 . 2  n J
 1 . 0  n J
 0 . 8  n J
 0 . 6  n J

(a)

- 0 . 5 0 . 0 0 . 5 1 . 0

 

 P u l s e  E n e r g y  ( E G )
 0 . 4 2 5
 0 . 3 7 4
 0 . 3 0 8
 0 . 2 4 1
 0 . 1 7 4

Int
en

sity
 (1

0 d
B/d

iv.)

F r e q u e n c y  ( - 1 / τ G )
(b)

Figure 4.8: (a) Experimental and (b) simulated optical spectra for various pulse energies of a
SESAM-mode-locked SDL.

4.4.7 Hysteresis and bistability

Background and motivation

In SESAM-mode-locked SDLs exhibiting harmonic ML with an increase of pump power
the range of pump powers for which a given harmonic is observed can overlap with
the pump power ranges for the adjacent regimes having one pulse more or one pulse
less circulating in the cavity [P6]. This feature, known from studies for diode lasers,
manifests itself as hysteresis and bistability of the SDL pulse characteristics [235, 236,
P6]. Tailoring the semiconductor gain characteristics represents a convenient way to
control the size and number of hysteresis loops obtained at a given pump power, thus
holding promise for future applications in all-optical processing, for example [284, P6].

Principles of hysteresis formation

Models for passive ML allow multiple stable solutions for a single pulse or multiple
pulses to exist for a given small-signal gain [16, 19, 224, 232, 234, 236, 276, 285].

The hysteresis and bistability observed in SESAM-mode-locked SDLs can be ex-
plained by the dependence of the effective amplification of the pulses on pulse energy,
analogously to the analysis presented in Refs. [285, 286]. At low pulse energies the

59



Chapter 4. Pulse formation in SESAM-mode-locked SDLs

effective amplification increases with increasing pulse energy because of the more com-
plete absorber saturation. However, at high pulse energies, the gain saturates and loss
mechanisms arise from TPA in the absorber and from gain filtering. Gain filtering may
occur due to a short pulse width resulting from efficient pulse shaping by the absorber,
or because of increased chirping due to nonlinear phase effects caused mainly by gain
perturbations induced by the energetic pulses. The latter mechanism is further encour-
aged by the use of a resonant gain element with a decreased bandwidth, increased field
enhancement and a tendency for pronounced gain compression. The loss mechanisms
cause the effective amplification for existing pulses in the cavity to decrease with pulse
energy at high pulse energies, until with increasing pump power at a certain pulse en-
ergy amplification for a low-energy pulse, appearing from noise enhanced by the energy
accumulating in the gain, exceeds the amplification for the high energy pulses. The low-
energy pulse then grows and the high-energy pulses diminish until an energy balance
is achieved between pulses. Increased pumping is needed to again reduce the effective
amplification for the pulses and further increase the number of pulses. Hysteresis in
pulse number with respect to pump power arises because typically for the state with an
increased number of identical pulses the absorber and gain are still strongly saturated.
Consequently, the effective amplification is increased if pulse energy is decreased, gener-
ating a feedback loop that restores the energy to a pulse that loses energy. With decreas-
ing pump power, the pulse drop-out becomes likely only when the effective amplification
for the pulses reaches its maximum level, i.e. when the losses due to incomplete satura-
tion of the absorption start to dominate over the less saturated gain. Then, if the energy
of one of the pulses decreases due to (random) fluctuations, the pulse experiences lower
amplification than the other pulses and continues to diminish.

Hysteresis at the threshold of a mode-locked laser appears due to saturable absorp-
tion. For emission with random phases of the longitudinal modes at the onset of lasing
the threshold is higher than for a mode-locked pulse that can bleach the absorber.

Experiment

Three semiconductor gain designs were tested in an SDL mode-locked at 1 µm by a
3-QW antiresonant SESAM to highlight the role of differential gain in hysteresis loop
formation [P6]. Figure 4.9(a) shows the refractive index profiles and corresponding
standing wave optical fields for the RPG design, an RPG design with a reduced field
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Figure 4.9: (a) Design schematics for an RPG structure (top), an RPG structure with reduced
field enhancement (middle) and an antiresonant structure (bottom). (b) Input-output light curves
for ML with the gain designs displayed in (a) showing diverse differential gain characteristics.

enhancement thanks to AR coating, and the antiresonant design used in the study. Figure
4.9(b) shows the power characteristics measured for the gain designs in mode-locked
operation. Hysteresis and bistability occurs with all the gain designs, either at threshold
or between states with a different harmonic number. Furthermore, the number and size
of the hysteresis loops appear to depend on the differential gain. For the RPG structure
having the largest differential gain, a small increase of pump power is enough to raise
the unsaturated gain and the pulse energy to a level favoring formation of additional
pulses. Moreover, the long effective interaction length in the RPG allows for efficient
gain saturation at a low pulse energy and enables a small increment in pulse energy to
change the effective amplification favorable for an increase in pulse number.

Instead of many small hysteresis loops observed at fairly low pump powers for the
RPG structure, the number of the loops occurring in the pump power range of Fig. 4.9(b)
is decreased and the size of the loops is increased for the RPG design with a reduced
field enhancement and for the antiresonant structure. The largest hysteresis at threshold
and operation at the fundamental repetition rate only is observed for the antiresonant
structure having the lowest differential gain.
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Hysteresis in the output power was accompanied by hysteresis in the pulse charac-
teristics, which had similar tendencies as those seen in Fig. 4.6 for harmonic ML. Figure
4.10 shows the pulse duration and operation wavelength with respect to incident pump
power for the RPG design with reduced field enhancement. Pulse duration and red shift
scale up with pulse energy due to enhanced gain distortions, and drop down with a shift
to a higher harmonic because of the decrease in pulse energy and less complete gain
recovery between pulses.
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Figure 4.10: Hysteresis in pulse duration and center wavelength associated with a switch be-
tween fundamental and second harmonic ML measured for the RPG design with reduced field
enhancement.

4.4.8 Guidelines for control of pulses from SDLs

The analysis presented in the previous sections gives grounds for simple guidelines for
the control of pulse generation from SESAM-mode-locked SDLs.

The pulse repetition rate obtained at a given pump power from a harmonically mode-
locked SDL can be controlled by adjusting the gain recovery time [P4]. A short recovery
of the gain implies more pulses in the cavity. Low saturation energies of the gain medium
and absorber promote high repetition rates [P5]. An RPG structure exhibiting high field
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enhancement can be used to increase the number of pulses in the cavity efficiently, even
at moderate pump powers [P4-P6].

Hysteresis in the output characteristics of the SDL can be controlled by the choice
of gain design [P6]. For a resonant design with a large differential gain, modest pump
power modulation can provide a shift in the operation regime. For distinct hysteresis
loops an antiresonant gain should be employed. Hysteresis loops are expected to further
enlarge with harmonic number, because the increase in pump power needed for a given
change in pulse energy increases at high repetition rates when the energy is distributed
among many pulses.

The pulse energy can be scaled up while keeping the nonlinear phase effects low
by increasing the saturation energies of the gain medium and absorber [P4]. This is
readily accomplished by increasing the transverse laser mode size on the gain element
and absorber or by decreasing the field enhancement in both the semiconductor elements,
which may, however, decrease the efficiency and pulse quality of the laser.

To shorten pulse duration, nonlinearities and dispersion should be controlled in order
to achieve a balance between contributions from the gain element and SESAM. Gener-
ally, gain perturbations should be kept small in order to avoid high-order dispersion by
tuning the field enhancement or by operating at antiresonance [P5]. Large mode sizes
at the gain element and absorber help to avoid oversaturation and the consequent pulse
broadening due to nonlinearities. Gain filtering and the recovery time of the absorber
should be minimized to achieve sub-ps pulses. A large SESAM modulation depth results
in more efficient pulse shaping [P3]. In particular, pulse duration for an SDL at weak sat-
uration of the absorber is approximately inversely proportional to the modulation depth.
However, a large modulation depth is often accompanied by high nonsaturable losses,
which limit the output performance of the laser.
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Chapter 5

Conclusion

The main achievements of this thesis are as follows:

A high-power (> 0.6 W) passively mode-locked semiconductor disk laser utilizing
a wafer-fused gain mirror and a wedged diamond heat spreader was presented. The
approach resulted in a picosecond pulse source at the wavelength of 1.57 µm difficult to
access by monolithically grown semiconductor gain structures.

The first frequency-shifted feedback semiconductor disk laser was demonstrated. By
using a glass etalon for spectral edge filtering and an acousto-optic modulator to shift
up the frequency of the optical radiation at every roundtrip, stable mode locking starting
at the laser threshold was obtained. The studied method provided a robust and simple
means for pulse formation, alleviating cavity design constraints inherent to SESAM-
mode-locked lasers.

Pulse shaping in semiconductor disk lasers in the regime of low absorber saturation
was studied. Experiments performed with a wide assortment of SESAMs exhibiting
different modulation depths together with numerical simulations confirmed that steady-
state mode locking can be achieved at pulse energies well below the saturation energy
of the absorber. Pulse duration was shown to decrease strongly with modulation depth.
The findings are of practical importance for lasers with multigigahertz repetition rates
inclined to partial bleaching of absorption.

Harmonic mode locking for the generation of ultrashort pulses from a semiconductor
disk laser at multigigahertz repetition rates was demonstrated and studied in detail both
experimentally and numerically. Gain saturation and fast recovery of the gain were found
to be responsible for the strong pulse ordering in multiple pulse operation.
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5. Conclusion

Pulse formation in passively mode-locked semiconductor disk lasers was investi-
gated experimentally and by numerical simulations with a particular emphasis on the
effect of dynamic gain saturation and dispersion on pulse shaping. Gain perturbation
during pulse transit was identified as one of the main mechanisms behind nonlinear
pulse distortions. It was suggested that third order dispersion may prevent quasi-soliton
formation, thereby limiting pulse shortening in the laser.

Hysteresis and bistability in the output characteristics of a passively mode-locked
semiconductor disk laser was reported and studied experimentally. It was shown that
the size and number of the hysteresis loops could be manipulated by appropriate de-
sign of the gain element. The controllability of the phenomenon may contribute to the
development of optical memory applications.
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