HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Physics

Design and Characterisation of Ultrafast Semiconductor Disk Lasers

by

Andrew P. Turnbull

Thesis for the degree of Doctor of Philosophy

June 2015


mailto:a.turnbull@soton.ac.uk




UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
Physics

Doctor of Philosophy

DESIGN AND CHARACTERISATION OF ULTRAFAST SEMICONDUCTOR DISK
LASERS

by Andrew P. Turnbull

In this thesis I present my work on improving the design of semiconductor gain and
saturable absorber structures towards the goal of a Watt-level, sub-200 fs mode-locked
vertical-external-cavity surface-emitting laser (ML-VECSEL). The performance of ML-
VECSELs has increased significantly in recent years with sub-500 fs pulse durations
demonstrated at Watt-level average output powers. However, ML-VECSELs with sub-

200 fs pulse durations have only been reported with milliwatt average output powers.

Absence of detailed knowledge of the dynamic response of both gain and saturable
absorber structures makes it difficult to develop new designs for improved laser per-
formance. It is, therefore, critical to fully characterise the macroscopic parameters of
the semiconductor laser structures used in ML-VECSELs. Here, I present the char-
acterisation of ultrafast surface-recombination semiconductor saturable absorbers, with
a design that has given the shortest pulse durations from a ML-VECSEL to date. 1
demonstrate a ML-VECSEL utilising a cavity design based on the extracted absorber
parameters that would be suitable for high average mode-locked output powers using

surface-recombination absorbers.

An understanding of fundamental mode-locking mechanisms present in ML-VECSELs
is vital for optimising structures as pulse durations approach 100 fs. The evolution
of the spectral components present from lasing onset and during pulse formation in a
ML-VECSEL is measured; identifying three distinct regimes in the spectral evolution.
I interpret the measured transients to extract a value for pulse-shortening per cavity
round-trip, allowing a qualitative description of pulse formation in ML-VECSELs to be
developed.

I present construction and characterisation of a ML-VECSEL containing new “short-
microcavity” gain structures that have demonstrated FWHM pulse durations of 193 fs
with 1 KW peak output powers; a benchmark result for peak output power from a
ML-VECSEL with sub-200 fs pulse duration.
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Chapter 1

Introduction

The vertical-external-cavity surface-emitting laser (VECSEL) is a semiconductor laser
that combines the high-output power and good beam quality of diode-pumped solid-
state lasers with the design flexibility and cheap cost of semiconductor materials. Since
the first demonstration by Kuznetsov et al. (1997), device performance has improved
significantly and as a result they have attracted much interest as a compact laser source

for applications.

The external laser cavity is formed around an epitaxially grown semiconductor gain
structure. The flexibility of the semiconductor materials used gives 3 distinct advantages
over other doped crystal or glass solid-state gain media. First, semiconductor fabrication
allows several hundred laser devices to be manufactured from a single wafer, greatly

reducing the overall device cost.

Second, being epitaxially grown structures, there is inherent flexibility in the layer struc-
ture design of the gain region. Gain structures can be optimised for the required laser
application, for example, they can be engineered for high average output powers (Heinen
et al. (2012)) or ultra-short pulse durations (Klopp et al. (2011); Quarterman et al.
(2009)).

Third, the fundamental emission wavelength of a VECSEL can be tailored through

choice of semiconductor materials and composition, rather than being restricted to direct
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atomic transitions. Continuous-wave (CW) VECSELs have been demonstrated operat-
ing at wavelengths up to 5 um using PbTE material systems (Rahim et al. (2010)). The
shortest direct emission wavelength from a VECSEL was using GaInP/AlGaInP/GaAs
materials at 674 nm reported by Hastie et al. (2005). The external cavity and optical
pumping schemes allow scaling to high powers. 1-um VECSEL structures using InGaAs
QWs have demonstrated the best performance with 106 W of average output power in

multi-mode operation reported by Heinen et al. (2012).

The cavity formed by external spherical mirrors produces excellent beam quality and fa-
cilitates the inclusion of additional cavity elements. Using intracavity frequency doubling
crystals CW-VECSELs with emission wavelengths around 332 nm have been demon-
strated by Kahle et al. (2014). Intracavity frequency doubled CW-VECSELs with a
532 nm emission wavelength have had much interest as low-noise pump sources for
commercial solid-state mode-locked lasers and are commercially available with average

output powers up to 20 W (Coherent Inc.).

Pulsed laser sources operate by emitting intense bursts of light in the form of optical
pulses and have been developed to cover a wide range of applications including material
processing, communication, medical science and many more (Webb and Jones (2004)).
Typical methods of forming optical pulses from a laser cavity include Q-switching, active
mode-locking, and passive mode-locking. Mode-locking is the formation of pulses by
imposing a fixed phase relationship between each cavity mode that makes up the optical
spectrum of the laser. The addition of the phase-locked modes generates an ultrashort

pulse circulating in the cavity.

In Q-switched operation, energy is stored in a gain medium in a cavity with very high
loss. The losses are then reduced to a small value and the pulse is allowed to build.
The laser is switched between these low and high Q-factor states either actively or
passively to emit trains of pulses. Q-switching is used to generate relatively long (~ ns)
pulses with large (~ mJ) pulse energies with repetition rates typically in the range of
1-100 KHz with little coherence between each pulse. The short nanosecond upperstate

lifetime in VECSEL gain structures results low energy storage by the gain medium and
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in suppression of Q-switching; as a result it is not a viable method of forming pulses

using VECSELs.

Active mode-locking relies on actively modulating the cavity losses using an intracavty
element such as an acousto-optic modulator (AOM) or electro-optic modulator (EOM).
In electrically pumped semiconductor lasers the active region gain can be directly mod-
ulated using a sinusoidal drive current. The pulse in an actively mode-locked laser is
formed where the cavity loss is the lowest and the pulse shortening effect is provided by
the attenuation on the wings of the pulse. The pulse shaping mechanism is relatively
weak and therefore actively mode-locked lasers are typically limited to ~ ps pulse dura-
tions. For stable operation the drive electronics must be able to accurately match the

modulation frequency to the cavity frequency.

Passive mode-locking relies on the introduction of a cavity element that introduces an
intensity dependent loss or gain, such as a saturable absorber, making it energetically
favourable for the laser to operate in a pulsed regime. Unlike active mode-locking where
the modulation of cavity loss is independent of the pulse duration, in passive mode-
locking the loss is directly modulated by the passage of the intracavity pulse resulting

in loss modulation that occurs faster with shorter pulses.

Figure 1.1 shows three models of passive mode-locking in ultrafast lasers. Passive mode-
locking is achievable using a fast saturable absorption effect (1.1(a)) which directly
follows the temporal profile of the pulse. An example of a fast effect exploited for
passive mode-locking is the intensity dependent Kerr lens that causes a self-focussing
of laser mode causing high-intensity operation to see less loss in the cavity (Brabec
et al. (1992)). Kerr lens mode-locking (KLM) has been used to generate pulses with
sub-10-fs pulse durations directly from Ti:Sapphire laser systems (Sutter et al. (1999);
Morgner et al. (1999)). Lasers exploiting KLM for the formation of ultrashort pulses
typically have cavities that operate on the edge of stability leading to reduced long term
laser stability and critical cavity design. Kerr lens mode-locked lasers typically require
some perturbation of the initial cavity to begin mode-locking or they can be started and
stabilized by the inclusion of a slow saturable absorber in the cavity (Kaertner et al.

(1995)).



4 Chapter 1 Introduction

Mode-locking can also be achieved using saturable absorbers with a recovery time long
on the time scale of the pulse (1.1(b)) such as a semiconductor saturable absorber mirrors
(SESAMs). For the work presented in this thesis I will be solely considering the passive
mode-locking of VECSELs using SESAMs. Slow saturable absorbers typically exhibit
self-starting mode-locking with stable trains of pulses (Paschotta and Keller (2001)).
Cavity design for SESAM mode-locked lasers is only semi-critical; it is only the mode-
area on the absorber and the saturation fluence that directly influences the saturation

and hence the pulse formation.

For pulse durations on the order of picoseconds the formation of a passively mode-locked
pulse is balanced by the pulse shortening from the slow saturable loss and the lengthening
from a finite gain bandwidth. As pulse durations decrease towards several hundred
femtoseconds it, at first, seems that the direct modulation from the slow absorber is not
fast enough to support stable trains of pulses. At femtosecond pulse durations the effect
of chromatic dispersion and non-linear phase shifts such as self-phase modulation (SPM)
cause significant pulse lengthening. The change in phase of the optical modes results
in a spreading of the energy from the pulse and hence an increase in pulse length. In
order to reach femtosecond pulse durations the phase changing effects in the cavity must
be balanced to reach a quasi-soliton mode-locking regime which allows the pulses to be
shortened well below the recombination times of the saturable absorber used (Paschotta
et al. (2002)). Quasi-soliton mode-locking in passively mode-locked VECSELs (ML-
VECSELSs) was confirmed by Hoffmann et al. (2010).

The epitaxial growth and design of semiconductor gain and SESAM structures gives
an advantage over the solid-state gain media that rely on soliton-like mode-locking to
reach ultrashort pulse durations. In soliton mode-locked solid-state lasers the intrinsic
chromatic dispersion and non-linear phase introduced by the gain medium are typically
compensated by either prism pairs or chirped mirrors to ensure that the net phase change
per round trip is zero. By carefully designing the semiconductor structures it is possible
to introduce dispersion compensation directly into both gain and SESAM structures,

resulting in a simplified cavity design with fewer elements. Through engineering of the
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SESAM it is also possible to develop a structure with parameters that are well suited

to mode-locking with VECSEL gain structures.

Fundamental Repetition rates of passively mode-locked VECSELs are on the order of
GHz due to the ~nanosecond upper-sate gain lifetime. In the GHz regime SESAM
mode-locked diode-pumped solid-state lasers (DPSSLs) are the current competitive laser
sources with sub-100 fs pulse duration with Watt-level average output powers (Klen-
ner et al. (2014)). However, at multi-GHz repetition rates DPSSLs suffer from Q-
switching instabilities caused by small gain cross-sections and low pulse energies which
limits achievable laser performance. In spite of the technical difficulty high performance
has been achieved at multi-GHz repetition rates although with longer pulse durations
(Okhrimchuk and Obraztsov (2015); Pekarek et al. (2012)). Semiconductor gain with
its short upper-state lifetime and large gain cross-section is intrinsically capable of sup-
porting pulses at high GHz repetition rates. However, in order for ML-VECSEIs to be
competitive laser sources and to take advantage of the low mass-production cost, mode-
locked performance must be improved in-line with that of the current state-of-the-art

DPSSLs.

Passively ML-VECSELs were first demonstrated by Hoogland et al. (2000). By including
a SESAM in the external cavity, the ML-VECSEL emitted 22-ps pulses at a repetition
rate of 4.4 GHz. Through optimisation of gain and absorber designs for mode-locked
operation, Garnache et al. (2002) demonstrated the first sub-500 fs pulses from a ML-
VECSEL with FWHM pulse duration of 477 fs, 100-mW average output power and a
repetition rate of 1.21 GHz. Through power-scaling the first Watt-level ML-VECSEL
was reported by Hoffmann et al. (2011) emitting a train of 784-fs pulses at a repetition
rate of 5.4 GHz. The current benchmark for average power from a ML-VECSEL was
demonstrated by Scheller et al. (2012) who reported an average power of 5.1 W and pulse
durations of 682 fs. Laurain et al. (2013) demonstrated peak powers up to 13.3 KW with
a pulse duration of 800 fs. 4.35 KW have been reported by Wilcox et al. (2013) from
a ML-VECSEL with an average power of 3.3 W and a pulse duration of 400 fs. The
shortest reported pulse durations are 60 fs in pulse groups (Quarterman et al. (2009))

and 107 fs for single pulses (Klopp et al. (2011)).
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Figure 1.1: Three models of passive mode-locking in ultrafast lasers. (a) fast
saturable absorber mode-locking where the recovery time of the absorber occurs
on time-scales shorter than the pulse. (b) slow saturable absorber mode-locking
without dynamic gain saturation where the absorber recovers on time-scales
long compared to the pulse duration. (c) slow saturable absorber mode-locking
with dynamic gain saturation where both gain and absorber saturate to form a
short window of net gain. Figure from Keller and Tropper (2006).

The above mode-locked results all use lasers operating around 1000-nm in InGaAs/Al-
GaAs material systems which exhibit best VECSEL performance. SESAM ML-VECSELSs
have been demonstrated at wavelengths above (Rautiainen et al. (2008); Héarkonen et al.
(2008)) and below (Bek et al. (2013); Ranta et al. (2013)) 1 ym although with reduced
performance. Frequency doubling of an InGaAs/AlGaAs based ML-VECSEL was re-
ported by Casel et al. (2005), doubling the fundamental emission of 5.8 ps pulses to

489-nm with 6 mW average output power.

Fundamental repetition rates have been demonstrated from 100 MHz (Zaugg et al.
(2013)) to 100 GHz (Mangold et al. (2014)) and repetition rates up to 200 GHz have been
reported using harmonic mode-locking (Wilcox et al. (2011a,b); Sieber et al. (2012)).
Through the use of an external tapered fibre amplifier, a sub-picosecond harmonically
ML-VECSEL has been demonstrated by Saarinen et al. (2015) with an average power
of 53 W at a repetition rate of 193 GHz. The capability to tune pulse repetition rates
over a broad range has also been demonstrated in several reports (Mangold et al. (2014);

Wilcox et al. (2011b); Sieber et al. (2011)).
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Recently, SESAM-free mode-locking, or self-mode-locking, in VECSELs has been re-
ported. Initial reports by Chen et al. (2011) and Kornaszewski et al. (2012) demonstrated
a self-ML-VECSEL exhibiting sub-picosecond pulses with greater than Watt-level aver-
age output powers. The mode-locking mechanism was cited as a self-focussing caused
by a non-linear change of refractive index in the gain structure. However, incomplete
characterisation of the lasers lead to scepticism about the reported results (Wilcox and
Tropper (2013)). The first direct frequency-doubled output of a self-mode-locked VEC-
SEL indicating a mode-locked output was demonstrated by Gaafar et al. (2014). The
presence of a non-linear lens formed in a VECSEL gain structure when probed with a
pulsed laser source was shown by Quarterman et al. (2015), where the extracted change
in focal length was of a magnitude large enough to perturb VECSEL operation. Work on
self-mode-locked lasers is outside of the scope of this thesis; I shall be solely concerning

myself with the SESAM ML-VECSELSs.

The semiconductor nature of gain and SESAM structures allows both to be incorpo-
rated into a single cavity element. The Mode-locked Integrated External-Cavity Surface
Emitting Laser (MIXSEL) was first demonstrated by Maas et al. (2007) and has since
been reported with record average output powers of 6.4 W, albeit with relatively long
22-ps pulses (Rudin et al. (2010)). Mangold et al. (2013) demonstrated the first fem-
tosecond MIXSEL exhibiting 620-fs pulse at a repetition rate of 4.8 GHz with an average
output power of 101 mW. Continuous repetition rate tunability from 5 GHz to 100 GHz
has also been reported, demonstrating the highest fundamental repetition rate from

VECSEL based technology (Mangold et al. (2014)).

In recent years VECSELs have become an attractive source for a range of applications
due to the rapid increase in laser performance. VECSELs have been demonstrated as
compact sources for single frequency (Scheller et al. (2010)) and broadband (Mihoubi
et al. (2008)) THz generation. Morris et al. (2014) has demonstrated GHz ML-VECSELSs
as an attractive source for two-photon generation used in quantum-information transfer.
The feasibility of the VECSEL as a solar-powered orbital laser platform for direct energy
transfer has also been demonstrated by Quarterman and Wilcox (2015) who reported

designs for efficient solar pumping schemes for VECSEL gain structures.
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One topic that has attracted great interest in recent yeas is the use of ML-VECSELSs as
a compact source of coherent octave-spanning supercontiuum (SC) generation with GHz
mode-spacing. An indication that ML-VECSEL performance was reaching a point where
octave-spanning SC could be realised arose when Wilcox et al. (2013) demonstrated
spectral broadening to 175 nm of a 400 fs pulse launched into a 2-m length of photonic
crystal fibre (PCF). Head et al. (2013) reported on a fibre amplified ML-VECSEL used
to generate SC bandwidths up to 280 nm. The 20-mW 400-fs fundamental output of a
1040-nm ML-VECSEL was amplified using a 3-stage fibre amplifier up to 40 W with 3
ps pulse durations. The pulses were recompressed to 400 fs before being launched into a
1-m long PCF, after which a SC with 280-nm bandwidth was measured. The generated
bandwidth was limited by the amount of average power that could be launched into the

PCF before inducing thermal damage in the fibre.

The first coherent octave-spanning SC and carrier-envelope offset (CEO) measurement
was performed by Zaugg et al. (2014b), where the output of a 100-mW, 231-fs ML-
VECSEL with a repetition rate of 1.75 Ghz was amplified and compressed to 85 fs with
2.2 W average output power. 800 mW of the available power was then launched into a
1.3-m long PCF after which octave-spanning SC was measured. The CEO measurement
was performed with an f-2f interferometer and was measured with a signal-to-noise ratio
of 17 dB, approximately 10 dB less than measured with a GHz solid-state laser (Pekarek
et al. (2011)).

To create a compact source of octave-spanning SC the amplification stages after the
ML-VECSEL output must be removed. However, in order for this to happen laser
performance needs to increase in line with what has been shown by Zaugg et al. after the
amplification stages. Pekarek et al. (2011) investigated the required laser performance
to generate octave-spanning SC in a 2-m long highly-nonlinear PCF using a GHz mode-
locked Yb:KGW laser. The laser output needed was found to be 100-fs pulse duration
with 1 W of average output power at a repetition rate of 1 GHz. Whilst supercontinuum
generation is not the sole application of interest, the strict characteristics required serve

as a good benchmark for desired ML-VECSEL performance.
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Current benchmarks in VECSEL laser performance are limited to either mW-level out-
put powers with around-100-fs pulse durations (Quarterman et al. (2009); Klopp et al.
(2011)) or Watt-level average powers at >400-fs pulse durations (Scheller et al. (2012);
Wilcox et al. (2013)). In this thesis I approach the required improvement of laser perfor-
mance from two main directions. The first is the characterisation of laser structures and
the investigation of pulse formation dynamics. The second is improved gain structure
designs to improve the average output powers achieved by ML-VECSELs at sub-200 fs

pulse durations.

1.1 Thesis Overview

In chapter 2 I describe the factors considered for design of the ML-VECSELs. I introduce
the design concepts for both gain and absorber structures optimised to build an ultra-
fast ML-VECSEL. In section 2.1.1.1 I report on new gain structures designed to achieve
sub-200 fs pulse durations at higher pulse energies than have been reported in literature
to date. Section 2.2 describes the thermal management techniques used in literature
to increase the average output power obtained from VECSELs. The chapter concludes
with the work I have performed on developing a substrate removal technique for high-
power ML-VECSELs and some results from the procedure when applied to VECSEL

gain structures grown by the University of Cambridge.

In chapter 3 I provide a description of the pulse formation mechanisms in ML-VECSELSs
related to the experimentally measurable macroscopic structure parameters. The chap-
ter covers effects from each individual cavity element and how the theory motivates
design choices for high-power ML-VECSEL operation. I conclude the chapter with an
overview of the reports of predictive modelling of pulse formation in current literature;

highlighting the assumptions and limitations due to unmeasured laser parameters.

Knowledge of the macroscopic structure parameters is critical for cavity designs and
to evaluate the effect of design choices on laser performance. In chapter 4 I describe
the characterisation of 3 surface-recombination SESAMs. Broadband reflectivity mea-

surements are used to ascertain correct growth of the structures. I extract structure
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parameters through non-linear reflectivity measurements and compare the results to the
current benchmarks put forward in the simulation by Sieber et al. (2013) for a 1-W
200-fs ML-VECSEL. The temporal response of the absorbers is then evaluated through
a reflective pump-probe setup to measure the carrier recombination times. I conclude
the chapter with an evaluation of how the measured parameters affect VECSEL cavity
designs and go on to demonstrate the operation of a low gain-SESAM mode-area ratio

VECSEL.

In chapter 5 I report on the work I have performed spectrally resolving the pulse forma-
tion in VECSELs. By combining the tempo-spectral technique reported by Head et al.
(2014) with the measurement of the fundamental and second harmonic power transients
I show the spectral evolution of the pulse from lasing onset to steady-state. The onset of
a measured second harmonic signal indicates the initial formation of a self-reproducing
pulse circulating in the cavity. When combined with the measured spectrum as a func-
tion of time after lasing onset, I can show the spectral behaviour of the laser at the time

of mode-locking onset.

The mode-locked results from the new gain structure designs described in section 2.1.1.1
are presented in chapter 6. Initial CW characterisations are performed to ascertain struc-
ture performance when compared to existing structure designs. Pulses are observed us-
ing two surface-recombination SESAMs designed for 1000 nm and 1030 nm respectively.
I also describe mode-locking results from structures designed for high average powers
grown by the University of Ulm. The structures investigated in this chapter represent
the first investigation into optimising structures for high-power operation at sub-200 fs

pulse durations.

I conclude this thesis with a report of the major results in chapter 7 before going onto

discuss avenues for further research based on the topics presented here.



Chapter 2

Design of Mode-locked VECSELSs
for Sub-200-fs Pulse Durations

At the start of my PhD in 2011 there had been only a few reports of ML-VECSELs with
pulse durations of below 300 fs (Klopp et al. (2011); Quarterman et al. (2009, 2011)). As
discussed in the introduction, for ML-VECSELSs to be perceived as competitive ultrafast
laser sources improvements in both pulse duration and average power needed to be
made. This chapter describes the essential design factors that need to be considered to
improve ML-VECSEL performance. Initially I shall describe the key factors for cavity
and structure design before discussing thermal management techniques for high average

output power operation.

A passively ML-VECSEL consists of an external laser cavity formed around an epitax-
ially grown semiconductor gain structure and a passive cavity element that introduces
saturable loss. For the work in this thesis the saturable cavity element considered is
a semiconductor saturable absorber mirror known as a SESAM. The SESAM preferen-
tially selects high intensity pulsed operation by opening up a short window of net gain,
as shown in figure 1.1. The SESAMs considered here have recovery rates long compared

to the time-scale of the pulse and are typically considered slow saturable absorbers.

The performance of the ML-VECSEL is directly linked to the macroscopic structure and

laser parameters listed in table 2.1. The epitaxial growth gives great control over the

11
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semiconductor design allowing optimization of both gain and SESAM structures, and
their related macroscopic structure parameters, independently of the overall laser cavity
design. We are particularly concerned with the design of structures and parameters

suited to high-power ultrafast mode-locked operation.

We require a gain structure with a large gain bandwidth capable of supporting a broad
optical laser spectrum. The broader the spectrum the greater the number of laser cavity
modes that can contribute to the optical pulse, reducing the pulse length. The phase
relation between the cavity modes must be linear to ensure the all modes contribute to
the formation of the pulse. In ML-VECSELSs the balance of second order dispersion and
non-linear phase shifts, such as self-phase modulation (SPM) is required to form ultrafast
quasi-soliton pulses (Paschotta et al. (2002)). Large values of small signal gain and gain
saturation fluence are required for the ML-VECSEL to support high energy pulses. Gain

structure designs optimised for ultrafast pulses are considered in section 2.1.1

The passage of a pulse through a SESAM attenuates the pulse asymmetrically in time
giving a pulse shortening effect. The initial temporal wing of the pulse bleaches the
saturable loss present allowing the rest of the pulse to propagate without attenuation.
It is necessary for the SESAM to fully recover between successive pulses giving rise
to the need for fast (~10s of picoseconds) recovery times. The formation of pulses in
ML-VECSELSs requires the SESAM to saturate faster than the gain structure (Keller
and Tropper (2006)) which motivates the need for a small value of SESAM saturation
fluence. The modulation depth must be sufficiently large to modulate the pulse but
small enough to not prevent high-power lasing. SESAM structure designs optimised for

the formation of ultrashort pulses are considered in section 2.1.3.
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Macroscopic Structure and Laser Parameters

Gain Structure SESAM
Small Signal Gain Jss Modulation Depth AR
Gain Saturation ) SESAM Saturation Fabs
Fluence Fluence
Gain Bandwidth Q Non-saturable Loss R,
Upperstate Gain Tg Induced Absorption F
Lifetime Parameter
Fast (Slow) Tfast(slow)
Absorber Recovery
Times
Mode-Locked Laser Parameters
Average Output Pye Pulse Length T
Power
Repetition Rate frep Round-Trip Time Trr
Gain Mode Area Again SESAM Mode Area Aups

Table 2.1: Macroscopic gain and SESAM parameters used in structure design.
Laser parameters used in characterising ML-VECSEL performance.

2.1 The VECSEL

Figure 2.1 shows a VECSEL cavity in its simplest form, consisting of an optically pumped
gain structure and an output coupler mirror. Typical output couplings lie in the range
between 0.3% and 2% due to the low-gain nature of the semiconductor quantum-well
(QW) based gain structure and are dependent on gain structure design, pumping con-
ditions, and loss added by intracavity elements. The inclusion of extra cavity elements
is possible in a cavity design modified from the straight cavity in figure 2.1, to a more
complex cavity design, such as the z-cavity configuration shown in figure 2.2. Partic-
ularly relevant for the work performed in this thesis is the inclusion of a SESAM for
passive mode-locking. Design of the external cavity makes it possible to choose the laser
mode area on gain and SESAM as well as cavity length; parameters critical for passively

mode-locked laser operation.

The set temperature of the Peltier-controlled heat-sink can be used to adjust the gain
and SESAM operating wavelength due to the temperature sensitive nature of the semi-

conductor gain and absorption profile (Okhotnikov (2010)). It is possible to optimise the
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Laser Beam

Output Mirror
Pump Beam

Optically-Pumped

Gain Region Semiconductor Chip

Multi-Layer Mirror —__

Heatsink

Figure 2.1: Schematic of an optically-pumped VECSEL in a straight cavity
configuration. The cavity is formed by the output mirror and the multi-layer
mirror at the bottom of the gain structure. The gain is provided by an optically
pumped gain region. Figure from Okhotnikov (2010).

laser performance, or better overlap operating wavelengths, through tuning the heat-sink

temperature.

2.1.1 Gain Structure Design

In a surface-emitting laser the gain region is contained within a microcavity structure
several microns thick which is coupled to an external cavity. The design of this micro-

cavity is crucial for ultrashort pulse generation.

A typical gain structure is a semiconductor “active mirror” device grown by either
molecular beam epitaxy (MBE) or metal organic chemical vapour deposition (MOCVD).
The epitaxial growth takes place on a semiconductor substrate, which due to lattice
matching constraints is GaAs. The growth can be divided into three regions as shown

by the schematic in figure 2.3.

The first region is the Distributed Bragg Reflector (DBR), forming a laser mirror in the

cavity. The DBR consists of alternating high- and low-index semiconductor materials
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Peltier-Controlled
Copper Heatsink

Figure 2.2: Schmatic a z-cavity configuration used for passively mode-locked an
optically-pumped VECSEL. The addition of a fold mirror allows the inclusion
of a SESAM for mode-locked operation. The fold-mirror - gain distance and
the fold-mirror - SESAM distance allow for control of the mode-area size and
repetition rate of the laser.

of A\/4 thickness. For the 1-um wavelength the materials used are GaAs and AlAs, with

27.5 repeat pairs giving a reflectivity of ~ 99.99%.

The active region is then grown on top, consisting of QWs to provide gain, separated by
bulk pump-absorbing barrier layers. The QWs are situated near the anti-nodes of the
electric field at the design wavelength to give a resonant periodic gain design (Corzine
et al. (1989)). The emission wavelength can be tailored by adjusting the quantum
confinement of the QWSs and by altering the semiconductor composition, which changes
the material bandgap as shown in figure 2.4. Due to the change in lattice size with
semiconductor composition, it may be necessary to include strain-compensation layers
to prevent dislocation in the structure; GaP is the semiconductor compound typically

used for strain-compensation around 1-ym. All of the structures presented in this thesis
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Figure 2.3: Schematic of a typical VECSEL gain structure. The gain is provided
by QWs situated at the anti-nodes of the electric field at the design wavelength.
The QWs are separated by bulk, pump-absorbing material. A surface barrier is
used to prevent non-radiative surface recombination of the carriers whilst also
setting the electric field enhancement on the QWs. A multilayer Bragg mirror
forms one of the cavity mirrors and is composed of alternating A/4 thickness
layers of semiconductor material with high refractive index contrast. Figure
from Okhotnikov (2010).
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Figure 2.4: Bandgap and emission wavelength of III-V semiconductor materials
as a function of lattice constant. The joining lines indicate a ternary material
composed of the compounds of the nodes located at the ends of the lines. Figure
from Schubert (2006).
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are InGaAs/GaAs/AlAs based and have used QWs designed for emission between 1000-

nm and 1030-nm.

The final layer is a window layer, whose thickness and composition set the longitudinal
confinement factor (LCF), giving a spectrally-dependent enhancement to the gain pro-
vided by the QWs. The structure is then capped by a 2-nm thick GaAs layer to prevent
surface oxidation. The LCF is a measure of the overlap between the laser field inside
the cavity and the active region containing the QWs and governs the strength of the

light-matter interaction that provides the laser gain.

In a simple two level laser system the rate of stimulated emission, S, is proportional to
the product of the laser gain, g and the optical intensity of the laser mode, I (Coldren
and Corzine (2005)):

BstO(g'I

x g - |Eo|

where |Ep|? is the modulus squared of the electric field in the laser cavity. As the
microcavity can be designed to alter the electric field penetration into the gain sample,
it is therefore necessary to introduce some scaling factor, the LCF, which scales the

optical field seen by the QWs. S, then becomes:

Bst xT',-g- |E0|2. (2.1)

The LCF is defined by the following relationship:

> |E () ?
Ly =now T B2 (2.2)

where |E(z,)|? is the squared modulus of the electric field at the position of the n'®

QW and ngw is the refractive index of the QW. I'; can be calculated using standard
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multilayer matrix calculations used to evaluate the penetration of the electric field inside
a multi-layer structure (Coldren and Corzine (2005)). The overall modal gain profile,
G(\), of the structure is the combination of the LCF and the intrinsic QW gain profile,

Gow:

GO\ = T.(3) x Gaw(N). (2.3)

Figure 2.5 shows a schematic of 3 structure designs with different window layers and the

resulting LCF.

From the multilayer calculation it is also possible to calculate the group-delay dispersion
(GDD) spectral profile for the structure design. The GDD is defined as the second

derivative of the spectral phase, ¢, with respect to the angular frequency, w:

82¢

DD = —
G Ow?’

(2.4)

where the spectral phase is the phase of each oscillating longitudinal laser mode. GDD

introduces a spectral phase change:

(w— wo)Q, (2.5)

where wy is the angular frequency at the centre of the optical spectrum. We require the
phase relation between the discreet cavity modes to be linear to ensure that all laser
modes contribute to the formation of an ultrashort pulse. The GDD profile must be
engineered to ensure that the net phase change per cavity round-trip introduced by the
interaction of the pulse with the intracavity elements is small. It is necessary to use
GDD to balance the phase shifts introduced by non-linear light-matter interactions such
as self-phase modulation (SPM) due to the line-width enhancement factor, which are
discussed in section 3.2.3. The balance of linear and non-linear phase changes is critical
for the quasi-soliton mode-locking present in ML-VECSELs (Paschotta et al. (2002)).

Figure 2.6 shows the corresponding GDD profiles to the structures shown in figure 2.5.
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Figure 2.5: Structure designs and spectral characteristics of 1000-nm VECSEL
gain chips. The left-hand plots show the structure designs and resulting standing
wave intensity as a function of distance through the structure for A) a resonant
structure, B) a semiconductor anti-resonant structure and C) a dielectric-AR-
coated structure. The right-hand plots show the corresponding longitudinal
confinement factors and reflectivity profiles as a function of wavelength. Figure
from Tropper et al. (2012).
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Figure 2.6: GDD as a function of wavelength for the resonant, anti-resonant and
dielectric-AR~coated structure designs shown in figure 2.5. Figure from Tropper
et al. (2012).

As well as considering the I', and GDD profiles when designing gain structures, it is
also necessary to evaluate design choices on macroscopic parameters such as the small
signal gain (gss),gain saturation fluence (F’ f(ftm), and the gain bandwidth (wy). The gain
saturation fluence is defined as the fluence required to reduce the gain to 1 —1/e (=67%)

of gss. I will be discussing the effect of structure design and capping layer thickness and

composition on the gain parameters listed in table 2.1.

Figure 2.5 (a) shows a resonant structure. The window layer is set to be A/2 thick at the
design wavelength which sets an anti-node of the electric field at the air-surface interface,
resulting in almost no reduction of electric field intensity. Heinen et al. (2012) have used
a resonant structure to demonstrate 100-Watt level average output powers from a CW
VECSEL. The sharp peak results in strong enhancement, and maximum gain, at the
design wavelength. The enhancement drops off rapidly at higher and lower wavelengths

resulting in a narrow spectral gain profile. This, combined with the rapidly changing



Chapter 2 Design of Mode-locked VECSELs for Sub-200-fs Pulse Durations 21

GDD shown in figure 2.6 results in a structure that is not suited to the formation of

ultrashort pulses and as such has not been considered in this work.

Figure 2.5 (b) and (c) show a semiconductor anti-resonant structure and a single-layer
dielectric anti-reflection (AR) coated resonant structure; these two designs form the basis
of structures that have achieved the shortest pulses to date (Quarterman et al. (2009);
Klopp et al. (2011)). The purpose of these designs is to form a broad gain bandwidth

whilst maintaining a low and spectrally invariant GDD profile.

The semiconductor window layer for the anti-resonant structure is A/4 thick at the design
wavelength setting a node of the electric field at the air-surface interface. The resulting
electric field intensity on the QWs is approximately 10% of the value in air at the design
wavelength. Above and below the design wavelength the electric field intensity increases,
this is opposite to the curvature of the intrinsic QW gain profile and as such should form
a broad, flat gain profile. The semiconductor anti-resonant design was first described
by Garnache et al. (2002) as a strategy to increase the bandwidth of a VECSEL gain
structure for tunable wavelength operation. Although there is a change in the GDD
over the gain profile shown in figure 2.6, the overall variation is small around the design
wavelength. It is possible to balance change in GDD with a suitably designed SESAM

described later.

By applying a A/4 thick dielectric coating to the surface of a resonant structure it is
possible to broaden the LCF and smooth the GDD profile. There is a reduction of
peak enhancement to approximately 30% of the resonant structure, causing a reduction
in the small-signal gain. The shape of the LCF will result in a narrowing of the gain
profile and subsequent reduction of gain bandwidth but will provide more gain than the
semiconductor anti-resonant structure. The addition of the AR layer results in a GDD

profile with little variation over the full spectral range.

For ultrafast operation both a broad gain bandwidth and spectrally invariant GDD are
required. From the above designs there is a trade-off between the two parameters and
it is therefore critical to understand which is the limiting factor for reaching sub-200 fs.
From the work performed on solid-state lasers and modelling of ML-VECSELs, GDD

is known to become a dominant pulse stretching mechanism as pulse durations move
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towards sub-100 fs operation. However, to reach such pulse lengths a weak enough gain
filter to reach a spectral bandwidth capable of supporting sub-100 fs pulse durations is
required. The work performed at Southampton University has predominately involved

the use of semiconductor anti-resonant structures.

For high-power ultrafast mode-locked VECSELs it is necessary to maximise both ggs
and FI%™, Therefore, it is necessary to consider how their magnitudes are affected

sat

by gain design choices. gss and F9%" are linked to I', by the following relationships:

sat
gss < I', and Ff&m o I';1. The value of T', must therefore be chosen to provide a
trade-off between small-signal gain and saturation fluence. The structure must have
sufficient gain to tolerate the loss associated with the inclusion of a SESAM for passive
mode-locking whilst also have a high enough gain saturation energy to support large
intracavity pulse energies. It is possible to further increase the small-signal gain by

including additional QWs into the active region, however, carrier concentrations and

pumping schemes must be considered to ensure threshold can be reached.

The larger enhancement factor in the dielectric AR coated structure will yield greater

gss at the expense of a smaller FY ,, and vice versa for the semiconductor anti-resonant

sat»
structure. A balance of the two is required for the pursuit of high-average power sub-200

fs operation.

At the start of my PhD, these two basic structure designs formed the core of the work
performed on ultrafast mode-locked VECSELSs with, in recent years, more complicated
structures and dielectric coatings being designed for improved device performance. As
yet, these more complex designs have yet to form shorter pulse durations than those
presented by Quarterman et al. (2009) and Klopp et al. (2011); although, average output
power has been increased at sub-300 fs pulse durations (Zaugg et al. (2014b)). The
work performed during my PhD has been to improve existing designs for ML-VECSEL

operation below 200 fs whilst also increasing average output power.
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2.1.1.1 Short Microcavity Gain Design

It was necessary to improve on current structure designs to push our device performance
below 200-fs pulse duration in a single-pulse regime. The gain structure design at the
time was a 7A/2 long active region containing 6 QWs with a A\/4 window layer to make
the structure anti-resonant, resulting in a total microcavity length of 7.5A/2. This section

covers the considerations made when designing a new structure for ultrafast operation.

The current benchmark for single pulses from a ML-VECSEL is 107 fs as demonstrated
by Klopp et al. (2011) who used a dielectric-coated AR gain structure containing 3 QWs
in a resonant periodic gain configuration with the substrate removed. The output power
was limited to 3 mW. Here I describe the rationale behind the use of the semiconductor
antiresonant structure containing 4 QWs, W728, used to generate 200 fs pulses with

higher average output powers as described in chapter 6.

The limit of the pulse duration observed by Klopp et al. (2011) was the change of
operation from a single pulse in a cavity to a multiple-pulse regime. The pulse splitting
was due to gain saturation that caused multiple pulses to be energetically favoured in
the cavity. The dielectric-AR-coated structure had higher enhancement at the design
wavelength and therefore a larger small-signal gain than the semiconductor anti-resonant
designs used. The higher enhancement lead to a smaller gain saturation energy which
is one of the parameters identified by Sieber et al. (2013) that must be maximised for
high-power sub-200 fs operation. The lower LCF, reduced gain and hence increased gain
saturation energy makes semiconductor anti-resonant structures an attractive prospect
for sub-200 fs pulses and therefore I opted to keep the semiconductor anti-resonant

window layer.

The active region acts as a Fabry-Pérot cavity, and its thickness sets the free spectral
range (FSR) of the structure. By decreasing the active region thickness we can increase
the FSR, resulting in a broader and flatter region of enhancement around the design
wavelength. There are downsides of reducing the active region thickness; the reduction

in the number of anti-nodes in the electric field limits the number of QWs that can be
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Figure 2.7: Structure of a new “short-microcavity” gain chip design designed for
operation at 1000-nm. Overall active region length is 4.5\ /2 and contains 4 In-
GaAs QWs separated by bulk, pump-absorbing GaAS. The carrier confinement
layer is 40-nm AlAs and the structure is capped with 8-nm of GaAs to prevent
oxidisation. The active region is grown on a 27.5 pair AlAs/GaAs DBR.

included in the structure reducing the small-signal gain. With a shorter active region

there is also less bulk pump-absorbing material which reduces the laser efficiency.

Figure 2.7 shows the layer structure of the new design. The overall length of the ac-
tive region plus window layer has been shortened to 4.5\/2. The window layer of this
structure is not A/4 thick; instead, the whole structure is designed to set a node at the
air surface interface and make the structure anti-resonant. The motivation behind this
change was to allow the inclusion of an extra QW to provide gain whilst keeping the
Fabry-Pérot cavity as short as possible. Figure 2.8 shows a comparison between the
LCF and GDD profiles of the existing 7.5\/2 structure and a new 4.5\/2 “short micro-
cavity” structure. The “short microcavity” structure shows broader and flatter profiles
for both the LCF and GDD and as such is a promising design for the generation of
sub-200 fs pulses. The experimental work performed with this structure design is shown

in chapter 6.
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Figure 2.8: a) Longitundinal confinement factor and b) the GDD profile as
function of wavelength for both an existing 7.5)\/2 gain structure and the new
“short-microcavity” structure detailed in figure 2.7.
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2.1.2 Optical Pumping

Typical pumping schemes in lasers fall into two camps: optical and electrical. The
semiconductor nature of VECSELSs lends itself well to either scheme due to the inherent
electrical properties and device fabrication for electrical pumping and the ability to tailor

semiconductor composition for pump absorption in optical pumping.

Electrical pumping of semiconductor lasers is ubiquitous in edge-emitting diode lasers (Col-
dren and Corzine (2005)) and vertical-cavity surface-emitting lasers (VCSELSs) (Jewell
et al. (1991)), Whilst edge-emitters can reach very high average output powers due to
high gain coefficients they suffer from poor beam quality. VCSELs have good beam
quality but are limited to low powers due to the difficulty of keeping uniform pump car-
rier densities over a large area through the vertical structure. Similar electrical pumping
schemes have been applied to VECSELs. These electrically-pumped VECSELs (EP-
VECSELSs) have had great research interest due to the reduced complexity and foot-
print, however, they struggle to reach the device performance exhibited by optically

pumped VECSELs (Pallmann et al. (2013); Zaugg et al. (2014a)).

The use of an external fibre-coupled diode-based optical pump gives much greater flex-
ibility in laser design, due to the ability to choose the incident spot-size of the pump
beam and match it to the cavity mode whilst also tailoring it for the required pump
intensities. The ability to scale both incident pump power and spot size to keep con-
stant pump intensity allows easy access to power-scaling to increase average VECSEL
output power whilst maintaining good beam quality. Although we rely on an exter-
nal source for the pumping, increasing the complexity of the setup, there is no extra
device fabrication involved. The benchmark high-power results in both CW-VECSELs
and ML-VECSEIs have been achieved using optically pumped gain structures (Heinen
et al. (2012); Scheller et al. (2012); Wilcox et al. (2013)). In this thesis we will be solely

considering optically-pumping for the pursuit of high average power ultrafast VECSELs.
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2.1.3 Saturable Absorber Design for Passive Mode-locking

To achieve spontaneous passively mode-locked operation an element exhibiting non-
linear saturable loss, a saturable absorber, is included in the laser cavity. Standard
saturable absorber designs for passively mode-locking VECSELs are SESAMs based on
a single QW structure grown on top of a DBR. The SESAM operates by absorbing the
leading edge of the temporal pulse which bleaches the QW allowing the rest of the pulse
to pass without loss. As SESAMs are slow absorbers the recovery of the absorption
takes place on a time-scale longer than the incident pulse. It is possible to achieve
pulse durations much shorter than the time-scale of the absorber recovery by operating
in a quasi-soliton mode-locking regime where the balance of GDD and SPM serve to
shorten the pulse (Paschotta and Keller (2001)). The long recovery of the SESAM aids
in stabilization of the pulse train and in reliable self-starting of mode-locked operation.
The Keller group at ETH Ziirich have pioneered the development and characterisation
of saturable absorbers for passive mode-locking in both diode-pumped solid-state lasers
and VECSELs (Keller et al. (1992); Kaertner et al. (1995); Keller et al. (1996); Haiml
et al. (2004)).

As with the gain structure, design of the absorber structure is critical to optimize the
formation of ultrashort pulses. The epitaxial growth of the SESAM structure allows
control of the device growth and optimisation of the layer design to create a structure
well suited for passively mode-locking VECSELs. The key parameters can be identified
and optimized independently of the laser cavity. The supression of Q-switching in ML-
VECSELSs by the short upper-state gain lifetime lifts some restriction is lifted on the
design of SESAMs for use in ML-VECSEIls when compared to those used in solid-state

lasers (Kaertner et al. (1995)).

Figure 2.9 shows a simulation of the non-linear response of a SESAM as a function of
incident pulse fluence. The macroscopic absorber parameters shown, and also listed in
table 2.1, are the modulation depth (AR), saturation fluence (F2%), non-saturable loss

(ARys), and induced absorption parameter (F3). The saturation fluence is defined as

the fluence at which the reflectivity of the absorber increases by 1/e of the unsaturated
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Figure 2.9: Simulated non-linear response of a SESAM showing reflectivity as
a function of incident pulse fluence. Initially, the reflectivity increases with
fluence. A roll-over in reflectivity due to the induced absorption parameter, Fo,
for high fluences. The dark grey curve is simulated with Fo = oo. The light
grey curve has a large value of Fo and the black curve has a small value of Fs.
Figure from Okhotnikov (2010)

reflectivity, Ryn. The induced absorption parameter describes the reduction in reflec-
tivity at high fluences dependent on the peak power of the incident pulse. It is defined
as the fluence required to reduce the reflectivity to 1/e of the value of R,s. The black
curve is modelled with a small value of Fy, the light grey curve has a large value of Fj.

The dark grey curve is simulated with a value of Fy = oo.

The recovery time of the absorber plays a key part in the formation of ultrashort pulses as
the absorber must recover fully between subsequent pulses. Due to the natural GHz rep-
etition rates of ML-VECSELSs this recovery must be on the order of tens of picoseconds.
The recovery of an absorber can be split into two mechanisms, as shown by figure 2.10:
a fast component, Tfast, and a slow component, Tgoy. Trast is the time constant associ-
ated with intra-band thermalization of the carriers which occurs on the order of a few
hundred femtoseconds. 7., is the time-constant for interband carrier recombination

which occurs on time-scales between a few picoseconds up to nanoseconds.
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Figure 2.10: Absorption of slow saturable absorber as a function of time after
an incident pulse. The absorption decreases until the pulse fully saturates the
absorber. The recovery is split into two components. Initially fast intraband
thermalization occurs on the order of 100 fs. Interband recombination then
takes place over a few ps to ns. Figure from Keller and Tropper (2006)

The key macroscopic parameters for passive mode-locking that must be considered are:
Fs and AR. These parameters are coupled to the electric field enhancement on the
QW, 'y, by the following relationships: AR o I'pps and st’;f’f o F;b:;. For passive
mode-locking the ratio of F2% to FY ., must be less than one, due to the dynamic gain
saturation nature of pulse formation in VECSELs, explained in chapter 3. In order to
relax cavity constraints on mode-area ratios and reduce local heating of the SESAM,
Fsqt must be minimised. We require AR to be sufficiently large to shape the pulse but
small enough so that the insertion loss does not prevent laser operation. By increasing
T'ups we can decrease Fyq¢ and increase AR, however, there is a balance to be sought for

high-power operation. Increasing AR will reduce the available gain of the laser resulting

in lower output powers.

As SESAMs are grown from the same material as the corresponding gain structures, and
as such have similar recovery times, material engineering and design choices are required
to optimize the absorber for fast recovery whilst also meeting the requirements for low

F gff and low non-saturable losses.
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Figure 2.11: Schematic of a surface-recombination SESAM. A single 8-nm In-
GaAs QW is placed 2-nm from the surface of the structure. The electric field
enhancement on the QW is controlled by the thickness of a GaAs spacer layer
between the QW and the DBR. An AlAs/GaAs DBR then forms one of the

cavity mirrors.

There are two methods predominantly used in current literature. The first is the use of
low-temperature (LT) grown semiconductor structures pioneered by the Keller group at
ETH Ziirich (Paschotta and Keller (2001); Mangold et al. (2013)). These SESAMs have
designs similar to that of gain structures; with a single QW placed at the anti-node of an
electric field in a cavity and the use of a capping layer to control the enhancement. The
reduction in the growth temperature causes an increase in the number of defects in the
semiconductor material giving a rapid recombination channel for the carriers absorbed
in the QW. However, absorption in the defects leads to a high insertion loss which is

not ideal for high-power ML-VECSELs.

Garnache et al. (2002) introduced a new concept, the surface-recombination SESAM,
with which they were able to demonstrate for the first time sub-500 fs pulses with 100-mw
average output power from a ML-VECSEL. Placing a single QW 2 nm from the surface
of the SESAM structure allows carrier tunnelling to surface defects providing a fast
recombination channel without need for additional growth defects. The enhancement

on the QW is adjusted by the thickness of the spacer layer shown in figure 2.11, and the
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Figure 2.12: (a)E-field enhancement and (b) GDD profile as a function of wave-
length for the surface-recombination SESAM shown in figure 2.11 designed to
operate at 1000 nm.

resulting electric field enhancement for a spacer layer of 13 nm is shown in figure 2.12. To
date the shortest pulses have been demonstrated using surface recombination SESAMs
(Quarterman et al. (2009); Klopp et al. (2011)). All of the work performed in this thesis
has been done with surface recombination SESAMs. I present in chapter 4 the first
work done on characterising the macroscopic parameters and absorber response for the

surface-recombination SESAMs described here with a 13.5-nm spacer layer.

As mentioned in the section on gain design, GDD is a key parameter for the formation of
ultrashort pulses. GDD contributions from both gain and SESAM work together to form
a net cavity dispersion profile that must be minimised and spectrally flat. Figure 2.12
shows the dispersion profile of a surface recombination SESAM, designed to match the
dispersion from existing semiconductor anti-resonant gain structures. The slight positive
dispersion from the gain at the design wavelength as shown in figure 2.8 is compensated
by the slight negative dispersion from the SESAM, resulting in an net dispersion close to
zero. Although both gain and SESAM exhibit similar dispersion profiles, the resulting

net GDD profile only shows small variation around the design wavelength.
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2.2 Thermal Management for High Average Powers

In the previous sections we have solely considered the design considerations to opti-
mize gain and absorber structures for ultrashort pulse operation. In order to reach
multi-Watt average output powers with ultrashort pulses it is necessary to consider the
thermal management of VECSEL structures. In this section I shall describe my work on
developing a wet-chemical substrate removal process as a route towards high-power ML-
VECSELs. I shall discuss the rationale behind the choice of substrate removal process
and the chemicals used and then present some results from processing structure grown

by MBE at Cambridge University.

Efficient thermal management is important for the operation of virtually all lasers, with
a limit to the achievable output power normally being set by heating in the gain medium.
The technical considerations for thermal management of VECSEL gain structures differ
somewhat to the challenges faced by diode-pumped solid-state lasers where the limit on
power scaling is set by introduction of a thermal lens at high incident pump powers.
VECSEL performance is limited by the local temperature induced carrier losses in the
gain structure (Okhotnikov (2010)). As incident pump power is increased the heat load
on the structure increases. In a CW-VECSEL increasing the pump power increases the
output power until a point at which the temperature induced losses and reduction in
gain causes the average output power to reduce; the point at which this occurs is termed

thermal roll-over.

The difference in pump photon energy and emitted photon energy, the quantum defect,
contributes to significant heating of the gain structure. Increased heating of the gain
structure results in temperature effects induced in both the QW and the microcavity
structure. The gain amplitude of the QWs is reduced with increasing temperature,
dominated by Auger effects at high temperatures, increasing the laser threshold. The
emission profile of the QW is also shifted to longer wavelength by ~ 0.3 nm/K. The
heating of the microcavity structure introduces a change in refractive index resulting in
a change of optical thickness which red-shifts the LCF profile at a rate of approximately

0.1 nm/K. In VECSEL gain structure designs the QWs are situated at the node of the
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Figure 2.13: Schematic of thermal management techniques used to improve
heat extraction from a VECSEL gain structure. (a) Standard VECSEL gain
structure growth: no implementation of thermal management technique. (b)
Substrate removal: Removal of thick substrate improves heat extraction from
the rear surface of the structure. The addition of a high conductivity material,
such as diamond, as the heatsink further improves the heat flow. (c) Intracavty
heatspreader: contacting a high-conductivity material, such as diamond, to the
front surface of the structure improves heat extraction directly from the active
region of the gain structure. (d) Cryogenic heatsinks: the use of a heatsink kept
at cryogenic temperatures increases the temperature gradient between active
region and heatsink, resulting in increased heat flow from the structure.

electric field in the microcavity. The shift of the node away from the QW with increasing
temperature reduces the light-matter interaction reducing the gain of the structure.
Therefore, in order to minimize the increase of local temperature to stave off thermal-
roll over to higher pump powers it is necessary to implement thermal management

techniques to improve heat extraction.

Several methods for improving the thermal management of VECSELSs exist, including
use of intracavity heat-spreaders, substrate removal, and cryogenic cooling. Figure 2.13

shows a schematic of each.

Intracavity heat-spreaders offer an attractive method of thermal management for a broad
range of wavelengths as the semiconductor composition does not affect heat extraction
through the front surface (Lindberg et al. (2004); Schulz et al. (2008)). As we are

interested in the performance increase of mode-locked VECSEIs the use of intracavity
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heat-spreaders is not an attractive method. The introduction of extra material affects the
cavity GDD, and as discussed in previous sections is a critical parameter for ultrashort
operation. The heat-spreader will act as an intracavity Fabry-Pérot etalon which applies
a further filter to the gain profile reducing the gain bandwidth. The use of an intracavity
etalon has, however, had interest for use in harmonic mode-locking regimes to access

hundreds of GHz repetition rates (Saarinen et al. (2012); Wilcox et al. (2012)).

Cryogenic cooling is an attractive method to overcome the limit in heat extraction possi-
ble through conventional Peltier elements. Chernikov et al. (2011) were able to dissipate
more than 300 W of waste heat using a heatsink directly connected to a liquid nitrogen
bath and demonstrate a CW-VECSEL with 72 W average output power. In practice
the use of cryogenic heatsinks results in damage to the gain structure through lattice
dislocation due to the large differential thermal contraction. The technical design and
growth considerations for overcoming the strain induced damage make using cryogenic

heatsinks and unattractive for high-power ML-VECSELs (Morris (2014)).

Due to the binary semiconductor composition used for the construction of gain struc-
tures in the 1-um wavelength regime wet-chemical removal of the substrate is the most
effective method to access high powers. Recent advances in reliability of processing and
structure design have allowed demonstration of multi-Watt mode-locked average out-
put powers and above-100-Watt in CW around this wavelength. (Heinen et al. (2012);
Wilcox et al. (2013); Scheller et al. (2012)). For longer wavelengths the semiconduc-
tor composition required for structure design has worse thermal conductivity, and as
such substrate removal for thermal management does not give a significant performance

increase (Maclean et al. (2009)).

As my work at Southampton has been focussed on the development of samples in the 1-
um wavelength range I have investigated substrate removal as a route towards Watt-level

average output powers for sub 200-fs mode-locked VECSELSs.

For substrate removal a “flip-chip” approach is used; the growth of the structure is
reversed so that the window layer is grown on the substrate first and the DBR last,
as shown in figure 2.14 (a). This growth allows the DBR to be soldered directly to

a material with high thermal conductivity, such as diamond, before the substrate is
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Figure 2.14: Schematic demonstrating the steps involved in a substrate removal
process via wet-chemical etching. (a) Soldering of a “flip-chip” sample to a
diamond heatsink. (b) Application of an etch-resistant protective layer to the
sides of the gain structure to ensure a vertical etch profile. (¢) The wet-chemical
etch is performed to remove the substrate. (d) Protective layer is removed and
the substrate removal is complete.

removed by wet chemical etching, figures 2.14 (b) and (c). The final etched surface
must have good optical quality to reduce non-saturable losses and preserve homogeneity
across the laser mode. In order to do this, etch-stop layers are included in the growth
between the window layer and the substrate. Due to the selective nature, the ability
to preferentially etch one semiconductor material over another, of the chemical etchant
used these layers provide well defined stopping points for the etch. Whilst it is possible
to use a single etch stop layer, in practice multiple alternating layers give greater control
over finishing with good surface quality. Typical etch stop layers are based on AlAs due

the lattice-matching with the substrate and etchant availability.

2.2.1 Procedure for Substrate Removal

At the start of my PhD, little work at Southampton had been done on the development
of a method to reliably bond a “flip-chip” sample to a high thermal conductivity sub-
mount and subsequent removal of the substrate. I will discuss the motivations behind
each of the steps required and the subsequent choices made to implement substrate

removal as a thermal management technique.

Forming a good thermal contact between the DBR and sub-mount is critical for effi-
cient heat extraction from the gain structure. Diamond is the most common sub-mount
materials due to its very high thermal conductivity, approximately 10 times that of cop-

per. Due to the difficulty in bonding semiconductors directly to diamond it is necessary
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to metallize both materials; Jin and Mavoori (1998) present a discussion of the meth-
ods required for using diamond for thermal management. Initially a thin film of carbide
forming material was deposited on the diamond allowing a reliable metal-diamond bond.
An inert metal was deposited next to protect the reactive surface and provide a layer
for solder adhesion. The layers were deposited on both materials to form a strong bond.
Due to material availability these metals were chosen to be Cr and Au. An eutectic
Aug.g - Sng.o solder was then used to bond the diamond to the semiconductor. The final
soldering is performed with pressure applied under vacuum to remove any air voids that

may cause inhomogeneity of the bond.

From the maturity of semiconductor wafer processing there is a wealth of literature on the
chemical etchant and methods available for GaAs substrate removal (Baca and Ashby
(2005)). Clawson (2001) presents a comprehensive list of the literature reporting on
GaAs etchant covering etch rates and selectivity. The choice was narrowed by identifying
the important requirements of fast etch rate and high selectivity. A fast etch rate is
required to remove hundreds of microns of material in a reasonable time. Orders of
magnitude difference between the etch rates of particular I1I-V semiconductor materials
can be achieved using the appropriate etchant. In particular we are concerned with
etches that can differentiate between AlAs and GaAs. For the etch to remove the
substrate we require an etch that removes the GaAs material whilst not removing AlAs,
allowing the etch to stop at the etch stop layer whilst also allowing sufficient time to
remove any inhomogeneity in etch across the structure. To remove the etch stop layer,

we require the opposite, an etch that stops at a GaAs surface but removes AlAs.

It is critical to protect the sides of the gain structure from exposure to the chemical
etchant to stop any horizontal etching causing damage to the structure. In order to do
this a protective layer must be applied to every surface not being etched, as shown in
figure 2.14, which needs to be chemically inert and easily removed. For these reasons
photoresist is used. Once baked it forms a chemically inert surface and can be easily

dissolved in solvent based chemicals.

For removing the substrate a two stage etch was developed. The first stage removed

the bulk of the substrate rapidly and the second stage provided fine control to reach the
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etch stop layer. First step is a sulphuric acid etch composed of one part sulphuric acid,
8 parts HoOg and 11 parts de-ionised water (1 HoSOy4 : 8 HoO9 : 11 H20) from Barycka
and Zubel (1987) with an etch rate of 3 pm/min and no selectivity of GaAs over AlAs.
The second is a citric acid solution in the ratio 5 parts citric acid to 1 part HyOo from
Baca and Ashby (2005) who describe a GaAs etch rate of 18 pum/hour. This solution
etches AlAs approximately 1000 times slower than GaAs allowing accurate stopping at
the etch stop layers (Zhao et al. (1996)). To remove the AlAs etch stop layer a buffered
hydroflouric (HF) solution is used due to its high selectivity of AlAs over GaAs. In
order to remove multiple etch stop layers citric acid and HF etches are alternated until

all etch stop layers are removed.

2.2.2 Substrate Removal of a “Flip-Chip” Gain Structure

The “flip-chip” gain structure designed for substrate removal was 7.5\/2 semiconductor
antiresonant designs with 27.5 layer-pair AlAs/GaAs DBR designed for operation at
1000 nm. A 300-nm AlAs etch-stop layer is grown between the GaAs capping layer and
the substrate. The gain chip was grown at Cambridge University by MBE where the I1I-
V growth facilities do not use phosphorous. Therefore, it was not possible to include GaP
strain compensation layers in the growth design resulting in large quantities of defects
due to lattice relaxation, known as dark-line defects. It is not possible to ascertain the
quality of the growth of the gain structure until the sample is processed and as a result

makes it impossible to predict device performance.

A simple straight-cavity laser was constructed with a 0.3% output coupler to test the
performance of the the “flip-chip” structure processed by the method shown above. A
30-W 808-nm diode laser was used to pump a radius of 60 ym on the gain structure. The

sample was mounted on a Peltier-controlled copper heatsink which was kept at 20 °C .

Figure 2.15 shows the output power as a function of pump power for both a processed
“flip-chip” structure and an unprocessed structure of the same design. The laser using
the processed gain chip had a threshold of 630 mW which is large compared to 300
mW required by unprocessed structures which indicates the presence of large scattering

losses and a reduced quantum efficiency. The maximum output power achieved by the
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Figure 2.15: Measured output power for a processed “flip-chip” structure (blue
crosses) and an unprocessed structure (orange dots) as a function of pump
current. The output coupling was 0.3% and the pump radius was 60 ym.

structure was 180 mW at a pump power of 4.5 W. Rollover for unprocessed structures
with the same pump area is less than 2 W indicating that the substrate removal and
bonding to a high thermal conductivity heatsink has improved the heat removal from
the gain structure. The power output of the structure was very low compared to 300
mW achieved using unprocessed structures of a similar design. This can be attributed
to the high non-saturable losses indicated by the high laser threshold. Increasing the
output coupling to 0.7% resulting in a decrease in the maximum power achieved to 45

mW for the processed structure.

Figure 2.16 shows the observed laser spectrum as a function of incident pump power.
It shows that although the gain structure was designed for 1000-nm due to mis-growth
it operated closer to 1020 nm. This could be due to either overall mis-growth of the
structure or miscalibration of the QW. The mis-growth of the structure may also affect
the overall laser performance resulting in the low output powers observed. There was
large observed spot dependence on the structure and whether this was due to large

numbers of defects in the structure or the substrate removal process is unknown.

Shortly after the growth of the initial “flip-chip” gain structure, the MBE machines



Chapter 2 Design of Mode-locked VECSELs for Sub-200-fs Pulse Durations 39

4
25 x10
—09WwW
27 —1.8W
- 2.8W
S
Eis o
> )
|
51
£
05¢

O L L )
1005 1010 1015 1020 1025 1030
Wavelength (nm)

Figure 2.16: Measured laser spectrum for a processed “flip-chip” structure as a
function of pump power.

Cambridge University experienced technical faults and were unavailable for regrowth of
structures for a considerable period of time. As a result investigation into whether the
device performance was limited by either mis-growth or processing was not possible.
It was planned to grow both a normal growth and “flip-chip” structure from the same

growth run to ascertain whether performance was limited by growth or processing.

Here at Southampton we do not have direct access to III-V semiconductor growth and
therefore rely on collaborations to grow to the necessary VECSEL gain structures and
SESAMs. With the lack of growth facilities there is also a lack of expertise and equip-
ment used in wet chemical etching for IT1I-V semiconductor processing. I developed the
substrate removal and bonding process working with limited equipment and prior knowl-
edge. Good quality growth and establish wafer processing techniques are critical for the

pursuit of substrate removal as a route to high-power VECSEL operation.

A collaboration was formed with the Ulm University in Germany that have I11I-V MBE
machines dedicated solely VECSEL growth which gives great improvements in terms
of reliability of growth. They also have well established wafer processing facilities with

equipment dedicated to bonding and substrate removal processes and a process that has
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been refined over many years of wafer growth. They have provided gain structures used

for high-power mode-locked operation described in chapter 6.

In spite of the high growth reliability afforded by having dedicated machines and re-
fined processing the structures provided by Ulm University still exhibit spot dependent
performance due to inhomogeneity in the surface of the gain structure. Theoretically
power-scaling in high-power VECSELs is limited by the inability to extract heat from
the centre of large pump spots. In practice, however, device performance is limited by
the preservation of homogeneity across the laser mode. An area free of any defects is

required, which practically is difficult to achieve as pump spots are made larger.

I have demonstrated the development of a substrate removal and bonding process at
Southampton which has demonstrated improved heat extraction from the active region
of a gain structure. However, device performance was greatly reduced due to defects
arising either from misgrowth or the bonding and substrate removal procedure. In
practice, as reliability of growth and processing is critical for device performance, pro-
cessed structures from Ulm University will be used in pursuit of high-power ultrafast

ML-VECSELs.



Chapter 3

Mechanisms of Pulse Formation

in Mode-Locked VECSELSs

In this chapter I present a discussion on the mechanisms of pulse formation in ML-
VECSELs. 1 shall discuss a qualitative picture of the effects contributed from each

cavity element linked to the macroscopic structure parameters discussed in chapter 2.

The process by which ultrashort pulses form in SESAM-mode-locked lasers, described
here, can be qualitatively understood and quantitatively modelled based on the insights
presented by Siegman (1986) and Haus (2000). A passive cavity element acts to form
pulses by the introducing an intensity dependent loss or gain into the laser cavity. As
the intensity is increased the loss (gain) is decreased (increased) making it energetically
more favourable for a high intensity pulse to propagate in the cavity. In this thesis I will

solely be considering the use of a SESAM to passively mode-locked a VECSEL.

VECSELSs present a unique model of pulse formation with their relaxation-free class-A
laser dynamics, weak pulse shaping interactions and dynamic gain saturation. Many
parameters that influence structure and laser design choices that are specific to ML-
VECSELs have great influence on the mode-locked performance achievable. The de-
pendence of the gain profile on both carrier density and local temperature effects the
laser wavelength and gain bandwidth. The gain and absorber both cause a non-linear

phase change in the laser spectrum, however, the magnitude and shape of the effect

41
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are unknown (Paschotta et al. (2002)). The large gain cross-section and corresponding
small gain saturation energy lead to gain saturation effects influencing the formation of
a pulse. Carrier life-times on the order of a nanosecond give natural operation at GHz

repetition rates.

The class-A laser dynamics in VECSELS arise from the high-Q cavity, giving long photon
life-times, combined with the short upper-state carrier lifetime. This relatively unique
combination in VECSELSs results in a very low noise laser source and acts as a low-pass
filter effect on spontaneous emission noise (Mvara et al. (2013)). Whilst conventional
DPSSLs have photon lifetimes of a similar order of magnitude to those in VECSELSs,
the upper-state gain lifetime is many orders of magnitude longer (~ms), allowing the
gain to respond to variations in the photon number in the cavity. The resulting complex
interplay of gain and cavity dynamic leads to class-B operation which results in large
amounts of spontaneous noise. As DPSSLs are scaled to high-repetition rates, and
consequently the intracavity pulse energy is decreased, absorber design becomes critical
for the suppression of Q-switching instabilities. The class-A laser dynamics coupled
with the large semiconductor gain cross-section in ML-VECSELSs results in removal of
Q-switching instabilities at multi-GHz repetition rates allowing stable mode-locking with

very low noise.

3.1 Time and Frequency-Domain Description

We can consider the theory of mode-locking in two different domains: time and fre-
quency. Svelto (2010) gives a full treatment of both. When the laser is first pumped,
all the longitudinal modes of the external cavity for which the unsaturated gain exceeds

the cavity loss will oscillate with random, unrelated phases at a frequency given by:

W = 27V, = m%, (3.1)
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where m is an integer cavity mode number, C' is the vacuum speed of light and L is the
optical length of the cavity. The total electromagnetic field in the cavity at any point

can be written as a sum of the oscillating laser modes giving the relationship:

E#) =3 Alwn)eap(i(wnt + 0)), (3.2)

m

where A(w,,) is the amplitude of each cavity mode defined by the gain spectrum profile
and ¢ is the phase of each cavity mode. Figure 3.1 shows a simulated time-varying
E-field calculated from equation 3.2 for a laser with gaussian spectral profile with a
FWHM width of 0.1 nm and a cavity mode spacing of 1 GHz. Although the spectral
bandwidth is small compared to those of typical ML-VECSELSs, it is sufficient to provide
illustration of the theory being described. Here we can consider two cases. The first is
where ¢ is random for each cavity mode and as such there is no phase relation, shown

in figure 3.1 (a). The second is where there is a defined phase relationship such that:

Qsm - Qsm—l = ¢7 (33)

shown in figure 3.1 (b). The first condition leads us to pure CW laser operation. When
looking at the resulting electromagnetic field output of the laser at time-scales on the
order of the cavity round-trip time it can be seen to be composed of a train of random
noise spikes. The temporal width, 7, of these spikes is approximately 1/Av, where Av
is the bandwidth of the laser spectrum. As a result of the random phase, the energy in
the cavity is spread out over all noise spikes with no fixed relation resulting in low peak

powers.

In the second condition we have each of the longitudinal modes oscillating with a fixed
phase which alters the output from a train of noise spikes to a defined series of pulses
with a fixed repetition rate. It can be shown that the temporal width of the pulses has
the same relationship as in the case of no fixed phase relation (7 ~ 1/Av) and successive

pulses have a well defined temporal separation given by:
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1

Trep = AP (3.4)

where Af is the cavity mode spacing (Svelto (2010)). Although the temporal width of
the pulses is the same for both cases, the intracavity energy of the mode-locked laser
is contained in a single pulse, and as a result the peak power observed in this case is
approximately 20 times the peak power with no fixed phase relations. As the spectral
bandwidth increases, the pulse duration decreases, further increasing the peak power

observed.

If all cavity modes are in phase the resulting pulse is termed to be transform limited and
yields the minimum possible time-bandwidth product, which is defined as the product
of the FWHM spectral bandwidth in frequency and FWHM pulse duration. The time-
bandwidth product for a pulse will yield a value that describes how many times transform
limited the pulse giving a measure of how much of the spectrum is contributing the
formed pulse. The time-bandwidth product for a transform-limited gaussian pulse is

0.441 and for a pulse with a hyperbolic-secant profile it is 0.315.

We can also consider the onset of mode-locking where the spectrum evolves from the
condition in the frequency domain with no fixed phase relation until the final steady-
state pulse solution. We begin with an initial train of noise spikes in the cavity and an
element with non-linear loss. A noise spike with enough energy will be able to partially
saturate the non-linear loss allowing it to be amplified preferentially by the gain. Over
the course of subsequent round trips this initial noise spike is shaped by interactions
between gain and non-linear loss, eventually balancing to form a steady-state output
pulse train. Overall the final steady-state pulse solution relies on balancing not only the
dispersive effects in the cavity, as required in a quasi-soliton solution (Keller and Tropper
(2006)), but also the balance of gain and loss, and pulse stretching and shortening effects

leading to the forming of a dissipative soliton (Grelu and Akhmediev (2012)).

For passively mode-locked VECSELSs we can assume that the pulse shaping effects are
weak over the course of a single round trip and therefore it is possible to separate out

the contribution from each effect. The final solution from the linear addition of pulse
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Figure 3.1: Simulated intracavity power as a function of time for a laser with
cavity modes which have (a) random phase and (b) constant phase calculated
from equation 3.2. The model uses a gaussian spectral profile with a FWHM
bandwidth of 0.1 nm and a cavity mode separation of 1 GHz.

shaping effects in a slow saturable absorber regime is given by the master equation

developed by Haus (2000). The final solution to the steady-state pulse takes the form

of:

I(t) = Iy sech? (t/7),

(3.5)

providing the conditions of dynamic gain saturation, discussed in the next section, are

met. To understand the qualitative effect of each pulse-shaping interaction they will be

considered individually in sections 3.2.1 - 3.2.3.
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3.2 Dynamic Gain Saturation

Passive mode-locking can be explained by a range of models including fast saturable
absorber mode-locking, slow saturable absorber mode-locking without dynamic gain
saturation, and slow saturable absorber mode-locking with dynamic gain saturation as
shown in figure 1.1. Due to the high gain cross section in semiconductors the gain ex-
periences a fast pulse induced saturation which recovers between consecutive pulses. As
stated in chapter 2, the passive mode-locking work at Southampton has used SESAMs.
These are classed as slow saturable absorbers as they have recovery times much longer
than the formed pulse. We require saturation of both absorber and gain to open up a
short window of net-gain for the pulse. To achieve this the absorber must saturate much

faster than the gain leading to the following inequality based on saturation energies:

b b
Fabs Fabs Aabs

sat sat
- = . <1, (3.6)
El" Fear - Again

where F' gfts(g 4N are the saturation fluences and Aabs(gain) are the laser mode areas of the
absorber and (gain) respectively. As mentioned in chapter 2 gain and absorber structures
are based on similar materials and, as such, have saturation fluences with a similar order
of magnitude. Consequently it is necessary to have a large area ratio between the gain
and absorber to satisfy the above inequality. A tight focus on the absorber will limit
high average powers due to temperature induced loss and potential optical damage.
Reducing the absorber saturation fluence and increasing the gain saturation fluence by
structure engineering allows operation closer to a 1:1 area ratio which is necessary to
reduce cavity design constraints and operate at high average powers. As we must satisfy

the inequality in equation 3.6, the cavity design is critically linked to absorber and gain

fluences, therefore, characterisation of these parameters is important.

In the next sections we consider the effects of the gain, absorber, and linear and non-
linear phase shifts on the pulse formation and how structure design and parameters will

affect the final steady-state pulse duration.
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3.2.1 Gain: Amplification and Pulse Stretching

The gain structure serves to amplify the pulse whilst also applying a spectral filter that

lengthens its temporal profile.

In the frequency domain the application of a spectral filter amplifies the components
at the centre of the spectrum more than the in the wings reducing the spectral width
and hence increasing the pulse duration. In the time-domain the leading edge of the
pulse is amplified more due to the unsaturated gain, as the pulse propagates in time
the gain is saturated resulting in less amplification of the trailing edge. At sufficiently
large pulse energies over-saturating the gain makes energetically favourable to support
multiple pulses in the cavity. To maximise the pulse energy that the laser can support

we require a large gain saturation energy.

As has been verified experimentally by Borgentun et al. (2011) and Mangold et al. (2012)
structure design effects the profile of the gain. Small changes in the small signal gain
across the profile will have a large effect on the resulting laser output. The spectral
filter is dependent on the curvature of the gain profile, therefore a broad, flat gain
profile is desirable to minimise the pulse lengthening caused by the gain whilst also
amplifying the spectral components equally. The theory described here agrees with the
design considerations for a structure optimised for broad gain bandwidth and high gain

saturation energy put forward for gain structures in chapter 2.

The gain structure also introduces linear and non-linear phase shifts to the pulse spec-

trum which will be covered alongside the contributions from the absorber in section 3.2.3.
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3.2.2 Absorber: Loss and Pulse Shortening

The SESAM has the effect of shortening the pulse per round trip. At the on-set of
mode-locking we require the pulse shortening from the absorber to be greater than the
lengthening by the gain. In the steady-state, the contributions from both are balanced.
In order to reach ultra-short pulse durations it follows that the pulse shortening from

the absorber should be maximised.

For an ideally fast absorber, as shown in figure 1.1 (a), recombination times are on time-
scales shorter than the pulse duration. The passage of the pulse through the absorber
leads to a loss that follows the profile of the pulse, opening a window of net gain. Both
wings of the pulse see more loss than the centre which reduces the temporal pulse width
symmetrically. As previously mentioned SESAMs have been characterised to have long
time-scale responses and therefore we do not typically consider the fast absorber model.
However, it has been suggested that there is some intensity dependent fast absorber
effect, or AC Stark effect, that may provide a pulse shortening mechanism at high peak
intensities (Garnache et al. (2002); Wilcox et al. (2008)). Although it has not been
experimentally verified as a pulse shaping mechanism, it is important to consider all

effects when understanding pulse formation.

SESAMs operate with recombination times that are long on the time-scale of the pulse
and are therefore considered slow absorbers. In the time domain the leading edge of the
pulse is absorbed by the QW in the SESAM promoting carriers from the valance band
into the conduction band. Once the carrier density is evenly distributed between the con-
duction band and valence band the absorber is said to be “bleached” and the remainder
of the pulse propagates unchanged. The carriers then recombine non-radiatively between
successive pulses. The absorption of the leading edge serves to narrow the pulse. The
asymmetrical temporal shortening of the pulse is balanced by asymmetrical lengthening

by the gain.

When viewed in the frequency domain, the amplitude modulation of the pulse by the

absorber generates in-phase side-bands at multiples of the cavity repetition rate either
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side of the central frequency. The creation of extra in-phase spectral components serves

to shorten the pulse.

It is important to understand how the absorber responds based on incident pulse fluence
to understand the effect cavity design has on the limits of high-power ultra-fast laser

performance. Initially we can define the saturation parameter of the absorber as:

F,
S = I{:L (3.7)
sat
where F,,s is the incident pulse fluence on the SESAM and Fy,; is the saturation flu-
ence, defined previously. By combining S with the response of a slow absorber that does
not recombine on the time-scale of the incident pulse we can analyse the absorption, and

subsequently the pulse shortening, as a function of the saturation parameter. Kéartner

et al. (1996) showed that the absorption over the pulse is given by:

0= v (3 oo (1] o

where g is the modulation depth of the absorber, 7 is the pulse width, and ¢ is the time
where the pulse is centred at t = 0. Figure 3.2 shows the modelled pulse shortening of a
single pass of a pulse through a slow absorber as a function of saturation parameter for
a fixed pulse duration and modulation depth. Here pulse shortening is defined as the
difference between the FWHM pulse duration before and after a single pass through the
absorber. The inserts in figure 3.2 show the pulse envelope (blue line) and the modelled
absorber reflectivity (orange line) for saturation parameters of (a) 1, (b) 6, and (c)
40. At small values of S the pulse energy is not sufficient to saturate the absorber
fully and as a result there is a net absorption across the whole pulse, as shown in (a).
As S is increased there is greater saturation of the absorber leading to an increase in
pulse shortening until a value of S at which maximum shortening occurs is reached,
(b). For values of the saturation parameter greater than that at which the maximum
shortening occurs there is a reduction in the pulse shortening by the absorber. At higher

pulse energies corresponding to increasing values of S, the leading edge of the pulse is
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Figure 3.2: Simulated pulse shortening for a single pass through a slow saturable
absorber as a function of the saturation parameter, S. The modelled absorber
has a modulation depth of 1%, saturation fluence of 10 p.J/cm? and a response
based on equation 3.8. The incident pulse had sech? pulse profile with a FWHM
duration of 400 fs. Pulse shortening is defined as the difference between the
FWHM pulse duration before and after passage through the absorber. The
inserts show the initial pulse envelope (blue line) and the modelled absorber
reflectivity (orange line) as a function of time for a saturation parameter of (a)
1, (b) 6, and (c) 40.

able to saturate the absorber. At sufficiently high pulse energies, (c), the effect of the
absorber on the pulse is small as the initial wing of the pulse contains sufficient energy
to fully saturate the absorber. Literature on mode-locked VECSELs contains reports
of saturation parameters ranging from 5 to 30 (Hoffmann et al. (2010); Wilcox et al.

(2008)).

For ultrafast operation, critically, the pulse shortening by the absorber must be max-
imised which can be achieved by altering S and the modulation depth either by structure
or cavity design. The pulse shortening can be increased by increasing the modulation
depth, however, there are strict limits as the total loss must be lower than the small
signal gain to reach laser threshold. Additionally, in pursuit of high average powers, the

increasing of the modulation depth will reduce the achievable output power.

As shown in equation 3.7, S is dependent on Fi,; and the pulse fluence. As we are
concerned with the pursuit of high-power ultrafast ML-VECELSs we must consider how S
scales as we move towards higher pulse energies. As S increases with the pulse fluence, at

first glance it may seem sensible to increase Fy,: to keep the value of S small to maximise
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pulse shortening. However, as Fjsq; is also constrained by the inequality in equation 3.6
we must then also decrease the area on the SESAM to satisfy the requirements for
dynamic gain saturation. Increasing the pulse energy and decreasing the SESAM mode-
area would be likely to induce optical damage in the absorber which is not desirable. As
a result it seems that the dynamic gain saturation inequality drives the consideration of
minimising Fy.: for stable ultrafast operation. To support higher pulse energies without
increasing S it would therefore be necessary to increase the mode-area on the SESAM to
reduce the incident pulse fluence. Increasing the mode-area would be possible through
maximising the value of gain saturation energy which would further reduce the mode-
area constraints on the absorber. In order to still have maximum shortening at high
pulse energies it is therefore critical to not only minimise the absorber saturation fluence

but also maximise the gain saturation fluence.

The benchmarks for high-average-power SESAM mode-locked VECSELSs demonstrated
by Scheller et al. (2012) and Wilcox et al. (2013) have been limited to greater than 400-
fs pulse duration. In order to reduce pulse durations at such high intracavity powers
careful design and characterisation of both gain and absorber optimised for high-power

performance is critical.

3.2.3 Linear and Non-Linear Phase Shifts

As stated in section 3.1 the formation of a dissipative soliton is based not just on the gain
and loss interactions but also on the balancing of linear and non-linear phase changes
introduced by cavity elements. Phase shifts affecting the longitudinal cavity modes in
mode-locked VECSELs can be divided into effects arising from the non-linear phase
change due to gain and absorber saturation and from the linear phase change associated
with GDD. The relation between non-linear phase change and gain or loss is linked by
the phenomenological line-width enhancement factor (LEF), a (Agrawal and Bowden

(1993)):

A¢gain(t) = —Qy g(t)/2 and Agbabs(t) = —Qgps Q(t)/2, (39)
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where ¢(t) is the structure gain and ¢(t) is the absorber loss and A¢(t) is the non-linear

phase change of gain and SESAM respectively.

The model developed by Paschotta et al. (2002) indicates that we can draw parallels
between dispersion requirements in SESAM mode-locked VECSELs and those in well-
established Kerr mode-locked solid-state lasers where negative GDD is required to offset
the introduction of a positive non-linear phase shift from a non-linear Kerr medium.
If the non-linear phase shift in ML-VECSELs is negative, then it follows that positive
GDD must be included. The requirement of positive GDD from the combination of gain
and absorber puts restrictions on our structure design as discussed in chapter 2, where
the combined dispersion profile must be invariant, small, and positive over the whole

gain bandwidth.

Hoffmann et al. (2010) presented an experimental verification of the requirement for
the combined structure GDD to be positive and minimised. The results demonstrated
show significant pulse lengthening for negative GDD and large values of positive GDD.
The shortest pulses were observed when a positive GDD between 2000 and 6000 fs? was
introduced into the laser cavity. The shortest pulse duration of the laser was measured
to be 1.5 ps with a 0.86-nm FWHM spectral width. An intracavity etalon was used
to tune the output wavelength, however, it was not included in the net cavity GDD
calculations. Although the measurements support the quasi-soliton model, due to the
relatively long pulse durations and the use of an intracavity etalon the conclusions of

the experiment may not apply as pulse duration move towards 100-fs.

The effect of linear dispersion in the frequency domain purely serves to change the
relative phases of the cavity modes with respect to the central mode. As previously dis-
cussed, we require all modes to be in phase to form the shortest pulse from the available
steady-state laser spectrum. In the time domain, the effect of introducing out-of-phase
components contributes to energy being spread temporally from the pulse centre and
subsequently attenuated due to absorber interaction, with the overall effect of narrow-
ing the spectrum. By compensating with the correct sign and magnitude of GDD the
out of phase components can be temporally shifted to contribute to the pulse maxi-

mum. From arguments presented by Svelto (2010) dispersion becomes an increasingly
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important factor as the pulse durations approach 100-fs because the relative phase shift
between short-wavelength and long-wavelength cavity modes becomes a greater effect
over a broader laser bandwidth. Therefore it is necessary to ensure that the change in

overall cavity dispersion around the design wavelength is minimised and invariant.

Gosteva et al. (2005) presented an analysis of the accuracy achievable by white light
interferometers used to measure GDD of optical components, and showed that the over-
all accuracy of such measurements is limited to approximately +£100 fs?. For structure
designs optimized for small and invariant GDD it will therefore not be possible to accu-
rately determine GDD values experimentally. As a result, modelling of structure GDD
using multilayer calculations provides the best method to determine dispersion as a
function of wavelength for both gain and SESAMs. However, it relies on high-quality
semiconductor growth to ensure minimal deviation from the expected structure designs

and calculated parameters.

3.3 Predictive Pulse Formation Modelling in Mode-Locked
VECSELSs

A number of authors have described numerical simulations of pulse formation in mode-
locked VECSELSs to match macroscopic experimental parameters to observed laser out-
puts. Here I give a brief overview of the work that has been performed in the field of
modelling pulse formation in passively mode-locked VECSELs to give an insight into
the limitations that still exist and as a motivation to my work experimentally resolving

the formation of pulses in chapter 5.

Initial modelling of soliton-like dynamics by Paschotta et al. (2002) explained the early
results from passively mode-locked VECSELs which were confirmed experimentally by
Hoffmann et al. (2010). The requirement of accurately determining the structure pa-
rameters detailed in chapter 2 limited the ability to fully model the pulse formation
in mode-locked VECSEIs until characterisation techniques developed by ETH Ziirich

(Haiml et al. (2004); Mangold et al. (2012)) led to accurate experimental parameter
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extraction. Subsequently, Sieber et al. (2013) presented an investigation into the quan-
titative effect of laser parameters on the output pulse duration and average power, based
on the model developed in Paschotta et al. (2002) and Paschotta (2004). The results
agree with experimentally measured laser performance and validates the model as a
useful tool for providing guidelines to improve gain and SESAM structure designs for
high-power femtosecond operation. At Southampton, the lack of structure characterisa-
tion has prevented the use of such a model to investigate pulse formation in our lasers

and motivates the work presented in chapter 4.

Whilst the work presented by Sieber et al. (2013) forms a comprehensive picture of the
effect of structure design on pulse formation, there are other structure parameters that
have not been experimentally determined leading to assumptions about their magnitude
and effect. Two critical parameters are the upper-state gain lifetime and the magnitude

of the LEF mentioned in equation 3.9.

Upper-state lifetimes in semiconductor lasers are known to be of the order of ns, however,
such short time-scales are difficult to experimentally determine. As a result, this affects
the modelling of the recovery time of the gain and the lower limit of cavity repetition

rate in single pulse operation.

The LEF is known to be both wavelength and carrier-density dependent (Paschotta et al.
(2002)) and change over the course of the pulse interaction with the semiconductor
material (Agrawal and Bowden (1993)), However, in the above models it is treated
as constant for both gain and absorber. The values are difficult to determine under
experimental conditions and therefore the magnitude and the profile of the non-linear
phase change is unknown. Sieber et al. (2013) cited the line-width enhancement as being
uncritical for the solution of their model, despite the steady-state pulse solution showing
strong dependence on both gain and absorber LEF in certain ranges. The assumption
of requiring small positive GDD is also based on non-linear phase change from the LEF

despite not knowing the overall magnitude and shape of the effect.

As the gain structure is typically situated in the middle of the cavity there are two gain-
pulse interactions per round trip included in the models used above, however, the work on

probing in-situ response of the gain under operating conditions by Scheller et al. (2015)
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’ Structure Parameters Gain SESAM | Cavity Parameters Values
Saturation Fluence Flyg; 100 10 Repetition Rate fre, (GHz) 2.0
(J/cm?)
Fast SESAM Recovery Time - 460 Output Coupling (%) 1.0
Tfast (fS)
Slow SESAM Recovery Time - 15.6 Net Cavity GDD (fs?) 50
Tslow (pb)
SESAM Modulation Depth - 2 Gain Mode Radius 7, (um) 200
AR
Small Signal Gain g, (%) 8 - SESAM Mode Radius 74ps 200
(um)
Gain Bandwidth Qg (nm) 30 -
Modelled Laser Output
Average Output Power (W) 1.08
Pulse Duration (fs) 193
FWHM Spectral Width (nm) 5.88
Peak Output Power (kW) 2.38

Table 3.1: Macroscopic structure and cavity parameters used by Sieber et al.
(2013) in modelling a Watt-level sub-200-fs ML-VECSEL.

has highlighted the difference in gain response due to differing carrier concentrations
and finite gain-recovery times. The change in carrier concentrations will result in the

pulse seeing different gain and phase change for each interaction per round trip.

In the above quasi-soliton models the absorber profile is treated as spectrally invariant,
despite the absorber having a finite bandwidth of a QW. The effect of the unsaturated
absorber profile will have an unknown effect on pulse formation and pulse stability in

a SESAM mode-locked VECSEL. Any thermal effects arising from the SESAM are also

not included in the models.

In spite of the assumptions made by the model presented by Sieber et al. (2013), the
simulated device characteristics required for construction of a Watt-level 200-fs VECSEL
serve as the best benchmark for required macroscopic structure parameters. The model
output parameters for a Watt-level ML-VECSEL with a sub-200 fs pulse duration at a

repetition rate of 2 GHz are shown in table 3.1.
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Predictive modelling of 100-fs pulses using microscopic many-body simulations has also
been performed by (Hader et al. (2011); Moloney et al. (2014)), where Maxwell - semicon-
ductor Bloch equations are used to investigate the role of hot carriers on pulse formation.
The models are based on the assumption of idealised semiconductor structures and rely
solely on the microscopic carrier interactions rather than macroscopic experimental pa-
rameters. The models are heavily computer intensive and, due to the assumption, do

not lend themselves to predicting real world laser behaviour.

The above assumptions make experimental verification of the predictive pulse formation
models important. At Southampton, much experimental work has been done on spec-
trally resolving the onset of lasing in CW-VECSELs and extracting laser parameters
under operating conditions (Barnes et al. (2010); Head et al. (2014)). In chapter 5, I
apply these techniques to experimentally investigate pulse formation in a mode-locked

VECSEL.



Chapter 4

Characterisation of

Surface-Recombination SESAMs

In November 2013 I spent a week working in the Keller group at ETH-Ziirich, us-
ing the facilities of the group to make linear and non-linear reflectivity measurements
and time-resolved pump-probe measurements on a selection of surface-recombination

SESAM structures used in this thesis.

The research group at ETH-Ziirich have driven the development and improvement of
characterisation techniques for VECSEL gain and absorber structures and, as a result,
have a great amount of expertise in the measurement of macroscopic structure param-
eters. There is a requirement for sensitive characterisation techniques due to the low

gain and loss nature of the laser structures .

In 2012, Mangold et al. built on the initial work by Borgentun et al. (2011) to provide a
full suite of techniques for the characterisation of VECSEL gain structures to determine

small-signal gain (go), gain saturation fluence (F#%™) and gain bandwidth (£2,).

The SESAM parameters that we are interested in for laser design are: modulation depth
(AR), the saturation fluence (F2%). and absorber response time constants (7o, and
Trast). Haiml et al. (2004) was the first to characterise the non-linear reflectivity of an
absorber structure to extract F and AR along with the non-saturable losses. Maas

et al. (2008) then simplified the experimental setup whilst maintaining the required level

o7
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of accuracy As AR is of the order of a percent. The experimental techniques used by
Haiml et al. (2004) and Maas et al. (2008) achieved a measurement error of <0.05%
over 4 orders of magnitude of pulse fluence. Characterising the absorber response time
is performed using a standard reflection pump-probe setup. By combining non-linear
reflectivity and pump-probe measurements Fleischhaker et al. (2013) have shown a com-

bined experimental technique to extract all of the desired absorber parameters.

Characterisation of surface-recombination SESAMs has been demonstrated by Zorn et al.
(2008), where the electric field enhancement on the QW was set by the thickness of a
dielectric coating. Structures used in this thesis do not use a dielectric coating, instead,

the electric field enhancement is set solely by the thickness of the GaAs spacer layer.

An initial characterisation by R. Grange in 2005 was performed on a “low modulation
depth” surface-recombination absorber structure, QT1627. The SESAM was designed
with a 40-nm GaAs spacer layer separating a single InGaAs QW from an AlAs/GaAs
DBR and a 2-nm GaAs layer capped the structure. The measurement was performed
using a mode-locked Yb:YAG laser with a pulse duration of 2.1 ps and a fixed 1030-
nm central wavelength. The characterisation of the “low modulation depth” absorber
design yielded a AR of 0.3 & 0.04% and a Fyq of 56 &+ 3 pJ/cm? as shown by the
measured non-linear reflectivity as a function of fluence in figure 4.1. This absorber was
used to generate sub-500-fs near transform limited pulses with 40-mW average output

power (Wilcox (2006)).

Decreasing the thickness of the spacer layer increases the electric field enhancement on
the QW and hence increases the modulation depth and reduces the saturation fluence. A
new design of surface-recombination SESAM reduced the spacer layer thickness from 40-
nm to 13.5-nm. The electric field enhancement on the QW as a function of wavelength
for both designs is shown in figure 4.2. At 1030 nm, where the absorber is designed
to operate, there is an increase in enhancement from 0.1 to 0.25 as the spacer layer
thickness is decreased from 40 nm to 13.5 nm. Wilcox et al. (2008) described a calculated
modulation depth of 0.7% for a 13.5-nm spacer layer SESAM, however, the value of

saturation fluence was not reported. The calculated value was obtained by equating the
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Figure 4.1: Non-linear reflectivity characterisation of QT1627, a surface-
recombination SESAM with a 40-nm spacer layer thickness. The extracted
Fsat was 56 & 3 uJ/em?, AR was 0.3 & 0.04%, and AR,,s = 0.22 + 0.04%. The
characterisation was performed by R. Grange at ETH-Ziirich.

ratio of the modulation depths of the two absorber designs to the squared modulus of

the electric field enhancement:

AR135nm _ | E13.5 nim |2
AR4O nm |E4O nm |2

(4.1)

The work presented in this chapter represents the first experimental characterisation of

SESAMs with a spacer layer thickness of 13.5 nm.

I completed the measurements with the aid of the Keller group during a visit to ETH-
Ziirich in November 2013. The design parameters of the characterised structures are
outlined in table 4.1. The characterisation techniques performed were: low-power broad-
band reflectivity measurements (section 4.2), non-linear reflectivity measurements (sec-

tion 4.3), and pump-probe measurements (section 4.4).

The characterisation was limited to structures designed for 1030 nm due to the avail-

ability of laser sources. As a result it was not possible to extract structure parameters
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Figure 4.2: Simulated modulus of the electric field squared on the QW in a
surface-recombination SESAM as a function of wavelength for an absorber with
a 13.5-nm (blue) and 40-nm (orange) thick spacer layer. Normalised to an
electric field of 1 in air.

for existing structures designed for operation at 1000-nm, however, due to the similarity

in layer design it is likely that the values will be of the same order of magnitude.

From the non-linear reflectivity measurements I present extracted values of the satu-
ration fluence to be on the order of 10 pJ/cm?; five times smaller than that of the
“low modulation depth” design. The modulation depths of the absorbers were found to
be >1.9%, approximately three times greater than the value reported by Wilcox et al.
(2008). Resolution of the absorber response times was limited by the pulse duration of
the pump and probe pulses used, however, almost complete recovery of all the SESAMs

under investigation had been observed <20 ps after the pump pulse.

The extracted values of the saturation fluence and modulation depth will have an impact
on ML-VECSEL cavity design. In section 4.5 I present an investigation of a low-mode
area ratio cavity design. Mode-locked output was observed for an gain-SESAM area

ratio of 2:1, representing the lowest observed mode-area ratio in a surface-recombination

SESAM ML-VECSEL.
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Sample Name Nominal QW Design Spacer Layer Stop-band
indium Wavelength Thickness (nm) Design Centre
concentration (nm) Wavelength
(%) (nm)
A4234 25 1030 13.5 1020
V623 26 1000 13 1010
W255 28 1040 13.5 1020

Table 4.1: Table containing the design parameters of the surface-recombination
SESAM structures under investigation.

4.1 Description of SESAMs Under Investigation

The arrangement of layers for a surface-recombination SESAM is shown in figure 2.11.
All 3 structures under investigation are designed with a single In,Ga;_,As QW situated
2 nm from the front surface, and a spacer layer of ~13 nm. The nominal QW Indium
concentration, x, and corresponding design wavelength are listed in table 4.1. The
indium concentration used is dependent on growth machine and growth conditions and

was calibrated prior to the structure growth.

A4234 has been used in the work presented by Quarterman et al. (2009) and Wilcox
et al. (2008) and in the work described in chapter 6. V623 was a structure designed for
operation at 1000-nm, however, due to mis-calibration of the QW indium concentration
the operating wavelength is 1030-nm and has been used in mode-results reported in
chapter 6. W255 was designed as a direct copy of A4234 with a greater QW indium

concentration to red-shift the operating wavelength.

4.2 Broadband Reflectivity Characterisation

A precise measurement of the linear reflectivity profile provides information about the
growth of the structure, location of the absorption feature, and is used to ascertain

whether the structure has been grown correctly.
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A Cary-5000 UV-Vis-NIR spectrophotometer was used to measure the linear reflectivity
of the 3 samples under investigation. Figure 4.3 shows the corresponding measured and
designed broadband reflectivity as a function of wavelength on the left, with the right-
hand figure in each case showing an expanded view of the measured absorption feature
from the QW. The measured absorption feature is a convolution of the intrinsic QW

absorption and the electric field enhancement.

Figure 4.3(a) shows the measured and designed reflectivity for A4234. The stopband was
designed to be centred at 1020 nm however, when measured the stopband is centred at
1010 nm. The 10-nm offset between design and actual growth will result in a red-shift of
both the enhancement and GDD profile by 10-nm, causing an increase in enhancement
and magnitude of GDD as shown in figure 2.12. The absorption feature of A4234 is
centred at 1018 nm. A4234 was designed to take advantage of the ac Stark effect and,
hence was designed to work on the low energy side of the absorber band edge (Wilcox
et al. (2008)). For slow-saturable absorber mode-locking, however, operating at a longer
wavelength than the centre of the absorption feature will result in a lower modulation

depth, and hence, a larger saturation fluence.

The measured and designed reflectivity for V623 is shown in figure 4.3(b). The centre
wavelength of the designed and measured stopband are both approximately 1010-nm
with a ~2-nm difference in centre wavelength. The reduction in maximum reflectivity
is attributed to the sample dimensions being smaller than the aperture in the spec-
trophotometer. The absorption feature is centred at 1030 nm, approximately 30 nm
longer than the design wavelength. As with A4234, this will result in a red-shift in the

absorption and GDD profile.

Figure 4.3(c) shows the measured and designed reflectivity for W255. A centre wave-
length of 1020 nm for both the measured and designed reflectivity show good agreement
between design and growth. The reduced maximum measured reflectivity is attributed
to the mismatch in aperture and sample size. The centre of the absorption feature is
approximately 1022 nm. However, as it was a regrowth of A4234, it was also designed to
utilise the ac Stark effect and hence operate at a wavelength longer than the absorption

feature centre.
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Figure 4.3: Broadband reflectivity measurements for (a) A4234, (b) V623, and
(c) W255. The figure on the left shows the measured linear reflectivity (blue)
and designed reflectivity (orange) as a function of wavelength. The right-hand

figure shows an expanded view of the stop band and the measured absorption
feature.
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The broad width of the absorption feature measured for all three SESAMs under inves-
tigation is indicative of absorption not being dominated by an exciton transition. The
location of the QW only 2-nm from the surface of the SESAM gives an asymmetric

confinement potential resulting in an absorber layer that my not behave as a pure QW.

Although it is not possible to accurately determine the exact value of the absorption
feature depth through linear reflectivity measurements due to the additional aperture
losses, it is possible to determine the overall magnitude of the effect. All 3 absorbers
demonstrate a maximum absorption feature depth on the order of several percent; sig-
nificantly greater than the 0.7% calculated by Wilcox et al. (2008). The cause of the
deviation between the calculated and measured values is unknown, though possibly due
to the simple ratio used to determine the value. The exact values of modulation depth

are determined by non-linear reflectivity measurements in the following section.

The operating wavelength of the structure increases as the indium concentration in the
QW is increased, as shown in figure 2.4. For the 3 samples investigated, increasing
the indium concentration shows no trend in the measured location of the centre of the
absorption feature. Different MBE machines at the University of Cambridge were used
to grown each structure. The variability of growth conditions across each machine shows
the requirement of accurate growth calibration to ensure that structures are grown as

designed.

The repeatability of QW location is also critical for further characterisation of SESAMs
as both non-linear reflectivity and pump-probe measurements are performed using ex-
ternal pulsed lasers sources with a fixed operating wavelength and a laser bandwidth
typically much smaller than the width of the absorption feature. However, the overlap
of laser wavelength and absorber feature may not truly reflect the structure parameters

under operating conditions.

The dispersion profile across the absorption feature is set by the relative location of the
centre of the feature to the DBR stopband. As mentioned in section 3.2.3, it is difficult
to determine the dispersion profile experimentally and we therefore rely on growth of
the structure matching the design. A misgrowth of the QW relative to the DBR will

alter the dispersion seen by the pulse and may result in longer pulses. For A4234
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and V623 the discrepancy between the design of the DBR stopband and centre of the
absorption feature will result in a dispersion profile with a more negative value of GDD

than designed, as shown by a red-shift in the operating wavelength in figure 2.12.

4.3 Non-Linear Reflectivity Characterisation

The non-linear reflectivity of the structures detailed in table 4.1 was characterised using
the experimental setup described by Maas et al. (2008). The reflectivity was probed over
approximately four orders of magnitude of pulse fluence and the values of Fgut, AR, the

non-saturable loss and Fo were extracted.

The design considerations described in sections 2.1.3 and 3.2.2 imply that we require an
absorber with a low saturation fluence, large modulation depth and low non-saturable

loss.

In this section I detail the theory of slow absorber response to changing fluence and the
resulting equation used to extract structure parameters. I describe the experimental
setup used and the measured reflectivity as a function of fluence for the three structures

under test.

4.3.1 SESAM Non-Linear Reflectivity Theory

A derivation of an analytic expression for the reflectivity of a SESAM as a function
of fluence was presented by Haiml et al. (2004). The derivation is outlined here along
with the function used to fit the measured non-linear reflectivity and extract the device

parameters.

The absorber is approximated by a two-level system, ignoring any semiconductor band-
structure and intraband relaxations. Carrier recombination on the timescale of the
pulse is neglected, which is a good approximation for a slow saturable absorber such as
a SESAM. We neglect any quantum coherence in the generated carriers, and as such have
very short dephasing times. We assume no optical coherence and as a result only the

electric field intensity is considered. Any effects from carrier diffusion and temperature
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are neglected and the incident light is assumed to be monochromatic. In spite of the
significant assumptions, Haiml et al. (2004) reported good agreement of the final model

with experimentally measured results.

In order to calculate the effect of a saturable absorber on a pulse transmitted through

the medium it is necessary to solve the following pair of coupled differential equations:

da(z,t) oz, t)I(2,1)

o0 - e (4.2)
and
aff;z’ D _ e tI(t), (4.3)

where «a(z,t) is the time dependent absorption and I(z,t) is the Intensity. In this model
we are assuming a one-dimensional variation of both « and I, ignoring any spatial
variation across the beam. An analytical solution to the above equations is derived by
Siegman (1986) where the reflectivity of an absorber of length L/2 is treated as the
transmission through an absorber of length L. The reflectivity of the absorber is defined

as the ratio of the fluence before and after reflection:

Fout f—oooo I(Lv t)dt
RF) = Fin [ 1(0,t)dt (4.4)

—00

In[1 + Ryjn/Rps(ef/Foat — 1)

=R
ns F/Fsat Y

(4.5)

where R,s is the non-saturable loss of the SESAM arising from scattering losses at
interfaces and the imperfect reflectivity of the DBR, Ry;, arises from the unsaturated
reflectivity of the SESAM where F' = 0 and F; is the saturation fluence. The saturation
fluence is defined as the point at which the reflectivity increases from Ry, by a factor
of 1/e (~ 36.8%) of the modulation depth of the SESAM, where the modulation depth,
AR, = Rpns — Ryin-
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It has been experimentally shown by Haiml et al. (2004) that as the fluence incident
on a SESAM is increased to arbitrarily high amounts a roll-over in the reflectivity is
observed. The reduction in reflectivity is attributed to non-linear effects such as two-
photon absorption (TPA) and free carrier absorption and results in an extra induced
absorption fitting parameter, Fo. Fo is defined as the fluence at which the reflectivity
has decreased to 1/e of R,;. Combining all of the terms results in a fluence dependent

reflectivity given by:

o In[l+ Ry /R ("ot —1)] &
R(F) = Rns Pt e (4.6)

The 4 fitting parameters of the model are R,,s, Ry, Fo and Fgy:. The model has so far
neglected any spatial variation of the pulse incident on the absorber, the incident light
has been treated as having a flat-topped profile with spatially invariant pulse fluence,

F,, given by:

F,=—2 (4.7)

where w is the spot radius and FE), is the pulse energy. Instead, we should assume a

gaussian profile for the beam where the fluence is given by:

—or2

FO%ss(r) = Fpe o, (4.8)

where Fj is the peak fluence of the pulse and w is the (1/e?) radius of the beam. The

pulse energy can then be defined as the integral of the fluence over the spot:

oo
1
B, - / FGms (r)2mrdr = £ Fy(me?). (4.9)
—00

From equation 4.7 and 4.9 it can be shown that the peak fluence experienced by the
absorber is twice the value of Fj,. The pulse fluence is defined identically for a flat-

topped profile as a gaussian one, only the definition of the spot radius changes. We now
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have to take into account the spatial energy distribution when performing the integral

to calculate the reflectivity. Equation 4.4 becomes:

Eout

RGauss _
E;

1 o0
= — / 2mr - R (ES@5s (7)) - FS®5 (r)dr. (4.10)
Ep 0

We define the reflectivity in terms of pulse energy in order to simplify the spatial vari-
ation. Using substitution it can be shown that the reflectivity of a gaussian pulse for a

given fluence, F), is given by:

1 2F,
Rgauss = 21{7/0 RFlatTOp(Z)dZ, (411)
P
where RF!TP i5 given by equation 4.5:
4 (2/Fsat) _ 2
RFlatTop(Z) _ Rns ln[l + Rlzn/Rns(e t 1)] T (412)

Z/Fsat

Equations 4.11 and 4.12 are the functions that are used to extract the structure param-

eters from the measured non-linear reflectivity as a function of pulse fluence.

4.3.2 Non-Linear Reflectivity Experimental Setup

The experimental setup used to measure the non-linear reflectivity of the SESAMs under
investigation is shown in figure 4.4. The output of a pulsed laser source was telescoped
and collimated with a beam radius of 1 mm before entering the power attenuation optics
consisting of a half-wave plate (HWP) and two polarising beam splitters (PBSs). The
first PBS was mounted in a computer controlled rotation stage allowing polarisation
rotation and in conjunction with the second PBS, allows attenuation of the power over

up to 4 orders of magnitude whilst keeping the polarisation fixed. The attenuation was
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Figure 4.4: Experimental setup to measure the non-linear reflectivity of a
SESAM. The pulses laser output is attenuated by the combination of a half-
wave plate, rotating polarising beam splitter (PBS1) and a fixed polarising
beam splitter (PBS 2). The beam is split into the SESAM and reference arm
by a non-polarising beam splitter and modulated by a chopper. Both arms
are retro-reflected and measured by a large area photodiode. The output of
the photodiode is amplified by a current pre-amplifier and then is input to a
PC controlled 16-bit oscilloscope.The reference photodiode behing the reference
mirror is used to calibrate the fluence on the SESAM as a function of polariser
angle.

set by the extinction ratio of the second PBS; for this setup we use 100,000:1 Glan-

Thompson PBSs.

The laser source used in this experiment had an emission wavelength centred at 1030 nm,
with a repetition rate of 3 MHz, pulse duration of 1 ps and an average output power of up
to 6 W. The output power of the laser was attenuated down to approximately 200 mW
prior to the power attenuation optics used in the non-linear reflectivity setup to access the
range of fluences required to characterise the three structures under investigation. The

fluence range used for characterising the non-linear reflectivity was from 1 - 1300 p.J /cm?.

A non-polarising 50:50 beam splitter then split the beam into two arms: the SESAM
arm and the reference arm. A lens on the SESAM arm focused the beam onto the
SESAM. A 20 mm focal length lens was used to achieve a spot radius of approximately

11 ym. Both arms were retro-reflected onto a large area photodiode where the signal
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Figure 4.5: The signals recorded by the photodiode for a single cycle of the
chopper. a) Signal returned from the SESAM. b) Signals returned from both
SESAM and reference arms (not used in the reflectivity calculations). c) Signal
returned from the reference mirror. d) Background measurement from both
paths blocked.

was amplified by a current amplifier and then output to a 16-bit computer controlled

oscilloscope. The signal was modulated by a chopper rotating at ~100 Hz.

Fig. 4.5 shows the 4 possible states recorded by the photodiode as the chopper rotates.
The signal returned from the SESAM is given by state A, where the chopper blocks the
reference mirror. The signal returned from both arms (B) is not used in the calculation
of the reflectivity. C is the signal returned from the reference mirror and D is the
background measurement recorded when both beams are blocked. The reflectivity as a

function of the fluence is then given by:

(4.13)

where C(F) is a calibration factor. The calibration factor was determined by perform-
ing the reflectivity measurement with a dielectric high-reflector in place of the SESAM
(R ~99.99%). A mirror with very high reflectivity is needed to get an accurate measure-
ment of both saturable and non-saturable losses. The calibration factor was calculated
as a function of fluence in order to remove any systematic errors that may occur as a
function of rotation angle, and hence fluence. The theoretical model given by equa-
tions 4.11 and 4.5 was then fit to the experimental data and the 4 fitting parameters

are extracted.
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In order to calibrate the power incident on the SESAM as a function of attenuator angle
the high-reflector was replaced with a power meter. The recorded power meter reading
was calibrated to a photodiode which measures a small fraction of a percentage of light
leaked through the reference-arm mirror. Using the photodiode to reference the incident
fluence used during the non-linear reflectivity measurements removed any variation in
the fluence due to hysteresis in the motorized rotation stage and fluctuations in laser

power.

To ensure that the SESAM was at the focus of the laser beam, the procedure as described
by Haiml et al. (2004) was used. The SESAM was translated along the propagation di-
rection and the beam waist occurs where the measured non-linearity is largest, resulting

in the smallest measured value of Fyu;.

In order to minimise measurement errors caused by misaligment when changing between
structures under investigation, an alignment beam from a laser pointer was used to
calibrate the sample position. The alignment beam is split into two components, as
shown in figure 4.6. The first is directly incident onto the structure and the second is
aligned onto the structure through a focussing lens. The reflection of the first beam is
aligned to an aperture which allows calibration of the angular alignment, 9 and ¢, of
the structure. The reflection of the second beam is re-collimated and then aligned to a
second aperture, allowing sensitivity to the alignment in the direction of propagation, z.

A 0.02% error in realignment is achieved through this method.

Alignment laser

I e

(&)
— e
Pump beam SESAM ¢9
——
Z
o
B, N  wmig

z

Apertures

Figure 4.6: Schematic of the two alignment beams used to reproduce sample
position.
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Figure 4.7: Measured reflectivity as a function of wavelength for the 3 structures
under test. The green line indicates the overlap of the probe laser wavelength
with the absorption feature for both the non-linear reflectivity and pump-probe
measurements.

4.3.3 Measured Non-Linear Reflectivity

The 1030-nm probe laser used in this experiment is not spectrally aligned with the
centre of the absorption feature, as shown by the linear reflectivity measurements in
figure 4.7. Thus the resulting measurements may not accurately reflect the SESAM
parameters at the operating wavelength. However, the extracted parameters will still be
useful for evaluating the suitability of current SESAM designs for use in high average

power ML-VECSELs.

Figure 4.8 shows the measured reflectivity and calculated theoretical fit as a function of
incident pulse fluence for each of the structures under investigation. Figures 4.8 (a), (b)
and (c) correspond to A4234, V623, and W255 respectively. The extracted fit parameters
are listed in table 4.2. The results shown are representative of multiple measurements
taken at different spots on each SESAM. I will consider each parameter individually and

evaluate the effect on laser performance and cavity design.

4.3.3.1 Saturation Fluence, Fg,;

Potentially the most important of the extracted parameters is the saturation fluence as it

dictates overall cavity design and achievable pulse energies as discussed in the previous
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chapters. The characterisation of the QT1627 yielded a saturation fluence of 56 £+ 3
uJ/em? and as a result required gain-SESAM mode-area ratios between 20 and 40 to

achieve mode-locked operation (Wilcox (2006)).

The measured saturation fluences for the three absorbers under investigation are of the
order of 10 wJ/cm?. A4234 has the largest Fgq of 12.2 + 1.2 uJ/cm?, caused by having
the largest offset between laser wavelength and centre of the absorption feature, reducing
the absorber-pulse interaction and therefore requiring more energy to saturate the QW.
W255 has a Fgqr of 8.6 £ 0.6 pJ/cm? and V623 has the lowest of 7.4 + 0.4 pJ/cm? due
to being closest to resonance with the centre of the absorption feature. The wavelength
of the absorption feature with respect to the laser pulse is likely the main cause of
the difference in saturation fluence between the structures. Although, small changes
in structure design and therefore electric field enhancement on the QW are likely to

contribute some effect in changing the saturation fluence.

The measured fluences being approximately five times less than the QT1627 greatly
reduces the restrictions placed on cavity design and mode-area ratio required to support
mode-locked operation. A five times reduction in saturation fluence corresponds to the
laser supporting a mode-area on the SESAM five times greater than previously used

whilst achieving the same pulse shaping and also reducing local heating.

It is possible to estimate the maximum average output power for an ultrafast VECSEL

mode-locked using the SESAMs characterised here using the following equation:

S Feur - A-
Pave = Satj—, frep’ (414)
oc

where S is the saturation parameter of the SESAM, F, is the SESAM saturation
fluence, A is the mode-area on the SESAM, f,., is the cavity repetition rate, and Ty,
is the transmission of the output coupler in percent. To maximise the pulse shortening
per absorber interaction and, hence, minimise the pulse duration from the laser, we
require a value of S to be on the order of 10 as shown by figure 3.2. For the measured
Fsqt of approximately 10 pJ/cm?, a SESAM mode radius of 100 um, a repetition rate

of 1 GHz, and an output coupling of 1%, we arrive at an average output power of 300
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mW. The laser parameters used in this calculation represent real world values used in
current ML-VECSELs. By scaling the SESAM mode radius to 200 ym for the same
laser parameters the average output power can be increased to 1.2 W. Using a 200-um
radius spot on the SESAM and a 1:1 mode-area ratio would require a mode radius of
200 ym on the gain structure. Mode-radii of 200 ym or greater can be supported using

processed “flip-chip” gain structures (Chernikov et al. (2011)).

Although any gain interactions have been neglected, this simple calculation illustrates
that the SESAMs under investigation are well suited to the desired Watt-level perfor-
mance from a ML-VECSEL. The simulation by Sieber et al. (2013) indicated a required
saturation fluence of 10 uJ/cm? with a SESAM mode-radius of 200 pym for the con-
struction of a 1:1 mode-area ratio Watt-level 200-fs VECSEL. An investigation into the
use of the surface-recombination SESAMs characterised here for 1:1 mode-area ratio

mode-locking is reported in section 4.5.

4.3.3.2 Modulation Depth, AR

The extracted fit parameters yields a AR of 2.1 + 0.04% for A4234, 3.11 + 0.05% for
V623, and 1.89 £ 0.03% for W255. These values indicate that the calculation Wilcox
et al. (2008) used to arrive at the value of 0.7% is incomplete. The model presented by
Sieber et al. (2013) gives a requirement for a SESAM to have a modulation depth of 2%
for a 1-W 200-fs ML-VECSEL, which the structures under investigation are consitent
with. In the case of V623 which has a modulation depth at 1030 nm of 3.1%, pulses
shorter than 200 fs may be achievable but at the expense of higher average powers due

to the greater loss.

Saraceno et al. (2011) derived an expression relating Fq,; and AR to the 2-D trans-

parency carrier density, Ny, of the absorber:

Fiu - AR = hu NNy, (4.15)

where hv is the incident photon energy. For SESAMs with the same absorber section the

product of F,; and AR remain constant. Ny is dependent on the material composition,
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wavelength, temperature and the electric field enhancement. However, as the 3 absorbers
under investigation have similar designs we would expect values of Ny, and hence the

product of Fy,; and AR, to be constant.

Calculated values for the absorbers under investigation are: 25.6 & 0.3 um/cm? for
A4234, 23.0 & 0.1 ym/cm? for V623, and 16.3 £ 0.1 pm/cm? for W255. These values
highlight that, although the absorber designs are similar, the value of Vg for each SESAM
varies across the 3 absorbers under investigation. The variation may be due to the
observed discrepancies between the growth and design of the absorber structures shown
in the linear reflectivity measurements. The growth discrepancies resulted in greater
electric field enhancement on the QW for both A4234 and V623, although, this would
reduce the fluence required to saturate the absorber and hence reduce the calculated
product. Aseach SESAM was grown in a different MBE machine, the variation in growth
across the three structures may result in differences in intrinsic material parameters

which also affects the calculated product.

4.3.3.3 Non-saturable Loss, R,

To reduce the loss of output power from the insertion of the SESAM in the cavity, the
structure non-saturable losses must be made small. Values on the order of a fraction of a
percent are acceptable as they are small compared to saturable loss and typical cavity loss
from output coupling. The extracted parameters give values of 0.2 £+ 0.04% for A4234,
0.32 £ 0.03% for V623, and 0.27 £ 0.02% for W255. The values are small compared to
the extracted modulation depth of the three SESAMs and fall within acceptable limits.
No implanted defect sites were required to speed up absorber recovery rates, allowing
the non-saturable loses in surface-recombination SESAM designs to be kept small. For
high-average power operation high quality growth must be ensured to keep non-saturable

losses small to limit thermal damage of the structure.
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Figure 4.8: Non-linear reflectivity measurements as a function of pulse fluence
for (a) A4234, (b) V623, and (c) W255. The theoretical fit applied to each mea-
surement is from equation 4.11. The extracted parameters for the 3 structures
under test are listed in table 4.2.
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4.3.3.4 Induced Absorption, F;

The induced absorption fit parameter F5 in equation 4.6 is included to model the re-
sponse of the absorber at large incident pulse fluences. We require the value of F5 to be
made large to reduce the roll-off in reflectivity at high pulse fluences. Induced absorption
arises from second order effects such as TPA and, as a result, scales with the square of
the pulse intensity. The non-linear effects increase with increasing power and decreasing
pulse duration and, therefore, induced absorption is of particular interest in the pursuit

of high-power ultrafast ML-VECSELs.

The probe laser has a pulse duration of 1 ps which will result in an extracted value of
F5 larger than the value a 200-fs pulse with the same pulse energy will experience under
operating conditions. It will however provide a useful benchmark for comparing the suit-
ability of the three SESAMs for high-power operation. Induced absorption is not solely
due to pulse-QW interaction and, in fact, occurs through the whole absorber structure,
including penetrating into the DBR. The overall thickness, and material composition of
the SESAM will have the greatest effect on the magnitude of the F; parameter. Due to
the similarity of the structure design and material composition of the three structures
under investigation it is predicted that the measured values of F5 should be of a similar

magnitude.

The values of F» extracted from the non-linear reflectivity measurements are: 84.9 +
3.9 mJ/cm? for A4234, 292 + 30 mJ/cm? for V623, and 377 + 41 mJ/cm? for W255.
Figure 4.8(a) shows the reflectivity sharply dropping off for A4234, agreeing with a
low value of Fy. The reason for A4234 having a value of F5 approximately four times
smaller than that of V623 and W255 is unknown as structure designs were similar as
mentioned above. Other effects may contribute to induced absorption such as thermal
effects and free carrier absorption, although TPA is the dominant effect at ultrafast
pulse durations (Haiml et al. (2004)). All three structures were soldered to a copper
heatsink with indium foil using the same process, therefore it is unlikely that thermal
effects are the dominant cause of the reduction in Fy for A4234. The relative errors

in Fo for V623 and W255 are approximately twice that of A4234 as there is less of a
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response at high fluences, resulting in a larger error in the fit. With the greatest value

of Fy, W255 appears to be the most promising SESAM for high-power operation.

There have been no reports on the required magnitude of F5 for high-power VEC-
SELs, and the effect is not included in the model presented by Sieber et al. (2013),
although some consideration has been given in the design of SESAMs for high-power
diode-pumped solid-state disk lasers (Saraceno et al. (2011)). As the dominant mecha-
nism is TPA in the low-bandgap materials used in the absorber structure one method
to increase the value of F5 would be to replace the GaAs barrier with AlAs as has been
demonstrated in low-temperature grown QW SESAMs (Mangold et al. (2013); Zaugg
et al. (2014a)). However, due to the structure design of a surface-recombination SESAM
this may not be possible. Replacing the 2-nm GaAs capping layer with AlAs is not fea-
sible due to oxidation which would cause sample degradation. In order to reducing the
TPA occuring in the absorber layer it would be possible to replace the spacer layer with
AlAs, which may provide a route to maximising the value of F5 although there would
still be a significant contribution from the GaAs layer in the DBR. Future growths of
absorber structures will be performed to investigate the effectiveness of replacing GaAs

with AlAs.

Overall, the non-linear characterisation of the structures under investigation has given
insight into their suitability for high-power sub-200 fs operation. The extracted values
of Fyqt and AR correspond to those put forward by Sieber et al. (2013) for the devel-
opment of a 1-W 200-fs mode-locked VECSEL. The measurement of a value of Fy.
approximately five times less than that of “low modulation depth” SESAM designs will
greatly impact cavity design considerations for future mode-locked VECSELs. Of the
three structure both W255 and V623 seem best suited to high-power operation with a
larger value of F5, however, with gain structures designed to operate at 1030-nm and
above V623 may prove more promising when the measured absorption feature from the
reflectivity measurement in figure 4.3 is also considered. V623 has been used to generate

high-power ultrashort pulses as shown in chapter 6.
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Sample Name Saturation Modulation Non-saturable Induced
Fluence Depth (%) Loss (%) Absorption
(J/cm?) (mJ/em?)
A4234 12.2 £ 1.2 2.1 £ 0.04 0.2 + 0.04 85 + 3.9
V623 744+ 04 3.11 £ 0.05 0.32 £ 0.03 292 + 30
W255 8.6 = 0.6 1.89 £+ 0.03 0.27 £ 0.02 377 £ 41

Table 4.2: Table containing the extracted parameters from the fit applied to
the non-linear reflectivity measurements performed on the three samples under
investigation. Equations 4.5 and 4.11 were used to fit the measurements shown
in figure 4.8.

4.4 Pump Probe Characterisation

Based on the requirement of fast recombination times, SESAM structures are optimised
either by design or by growth to provide fast recombination channels for the excited
carriers, as described in section 2.1.3. By using a pump-probe setup it is possible to
measure the time response of an absorber to an incident pulse and extract the time
constants of the recovery channels. Initially a high energy pump pulse is used to saturate
the absorber. The probe pulse is then delayed with respect to the pump pulse using
either an optical or mechanical delay line allowing direct measurement of the absorber

reflectivity as a function of time after the incident pump pulse.

There have been reports of a double exponential fit of the form:

Ryp(1) = Ay exp(—T/Tsiow) + Az exp(—=T/Tfast), (4.16)

used to fit the measured time response of a SESAM (Zorn et al. (2008); Hoffmann
et al. (2010)). A; is the amplitude of the slow component and As is the amplitude of
the fast component and 7y, and 7. are the slow and fast recover time constants
respectively. Zorn et al. (2008) reported on the recovery rates of a dielectric coated

surface-recombination SESAM extracting a value for 77,4 of 0.3 ps and 7y, of 1.0 ps.
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In the simulations performed by Sieber et al. (2012) the value of the response times was
found to have little effect on the final steady-state pulse duration which contradicted
measured femtosecond experimental results. However, both simulation and experiment
agreed that a value of A; <50% was required for stable mode-locking. Overall maximis-
ing the speed of both recovery times seems to be a sensible course for the development

of ultrafast ML-VECSELSs.

In this section I describe the experimental setup used to measure the temporal response
of a SESAM before evaluating the measured response from the 3 structures under in-

vestigation.

4.4.1 Pump-Probe Experimental Setup

Figure 4.9 shows a schematic of the pump-probe setup used to measure the temporal
response of a SESAM. The initial output of a pulsed laser source is split into two beams:
the high-power pump beam and the low-power probe beam. The energy of the probe
pulse must be sufficient to saturate the absorber and the probe pulse must have a small
enough fluence to not cause cause any further saturation effects. As a result the pump-
probe fluence ratio must be greater than 10:1. Power attenuation on both pump and
probe arms are used to set the pump and probe fluences. The pump beam is passed
through an optical delay line on a computer-controlled mechanical stage to provide a
temporal delay with respect to the probe pulse. The pump is then incident on the
structure under investigation at a small angle. The probe beam hits the sample under
normal incidence and is overlapped with the pump beam. Part of the reflected probe
beam is then picked off and measured with a photodiode. For each time delay of the
pump pulse the changes in absorber transmission are measured. To achieve high signal-
to-noise both beams are intensity modulated by an acousto-optical-modulator (AOM)

and lock-in detection is used.

The mode-locked Yb:YAG laser used had a centre wavelength of 1030 nm, an average
output power of 105 mW, a repetition rate of 38.5 MHz and a 2-ps FWHM pulse width.
The offset between laser wavelength and centre of the absorption feature is shown in

figure 4.7.
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Figure 4.9: Schematic of a pump-probe setup used to characterise the temporal
response of a SESAM. A pulsed laser is split into pump and probe beams.
The pump beam is delayed with respect to the probe beam using a computer-
controlled mechanical delay line. Pump and probe beam are then overlapped
on the structure under investigation. Part of the reflected probe beam is picked
off and directed onto a photodiode to measure the response of the SESAM as a
function of the mechanical delay. Figure from Okhotnikov (2010).

4.4.2 Measured Pump-Probe Response

Figure 4.10 shows the measured absorber response for (a) A4234, (b) V623, and (c) W255
respectively for a range of pump and probe fluences. All of the figures show that using
pump and probe pulse duration of 2 ps it is not possible to resolve the fast component
of the recovery. In order to resolve and extract 77, a laser with a short pulse duration

compared to the recovery time must be used, which at the time, was not possible.

The main slow recovery channel for surface-recombination SESAMs is the tunnelling
of carriers to sites on the structure surface that facilitate carrier recombination. As
the design of the thickness of the capping layer is identical for all three structures the
only difference in recombination times will be down to and discrepancies in growth and
the difference in band-gap of the QW. Figure 4.10 shows that for all the absorbers
there is negligible slow component left 10 ps after the incident pump pulse giving an
almost complete absorber recovery on that time-scale. A4234 appears to have the fastest
recovery with the slow-recovery component barely distinguishable from the response of
the pump and probe pulse. V623 has the longest recovery time with measurable slow-

recovery tail at 10 ps after incident pump pulse.
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Figure 4.10: Pump-probe response for (a) A4234, (b) V623, and (¢) W255 for
three incident pump and probe fluences.
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It was not possible to fit the double exponential function given in figure 4.16 due to the
convolution of the pump pulse with the fast decay. A single exponential function was
fit to the measured pump probe signals to extract an estimation for the slow recovery
time. For A4234 the measured temporal profile of the recovery does not show any slow
component and, therefore, it was not possible to determine a slow recovery rate. The
exponential fits for V623 and W255 are shown in figure 4.11 for the pump fluence of

61 wJ/cm? and a probe fluence of 4.7 uJ/cm?

. The exponential fit for gave a value of
5.7 4+ 0.5 ps for V623. The value of 74, extracted for W255 was 3.3 £ 0.3 ps. The values
extracted from the fit are, at best, approximations, due to the possible convolution of the
slow recovery rate with the pump pulse as the extracted values are on the order of the
pulse duration. Difference in growth conditions may be the cause of the large variation
in slow recovery rates across the three SESAMSs, however, it is not possible to determine
the exact cause. The slow recombination rates for other SESAMs reported on are shown
in table 4.3. Zorn et al. (2008) measured values of the slow recovery component of
1 ps for a dielectric-coated surface-recombination SESAM with a 2-nm GaAs capping
layer and 5.4 ps with a 5-nm GaAs capping layer. Garnache et al. (2003) reported
a recombination time of 21 ps using a time resolved photoluminescence measurement.
Zaugg et al. (2014a) and Mangold et al. (2014) reported recombination times of 2 ps
and 4.1 ps respectively using a SESAM based on a single QW embedded in an AlAs
barrier layer. Slow recovery times on the order of picoseconds have been shown to be
fast enough to shape pulses down to 100-fs pulse durations (Klopp et al. (2009)). The
measured recombination times on the order of ps mean the current design of absorber

is well suited to forming ultrafast pulses.

The measurements were performed as for pump fluences between 20 and 100 wJ/cm?,
approximately between 2 and 10 times Fgz,:. The peak signal in the pump-probe mea-
surements should increase with fluence of the pump pulse corresponding to an increase
in reflectivity with fluence as shown in figure 4.8. The peak response of the pump-probe
measurements show no correlation between fluence and peak response for the absorbers.
The results for A4234 show the response is almost constant, although slightly decreases,

for increase pump fluence. The lowest pump fluence used in the measurement on V623
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Figure 4.11: Pump probe response for a) V623 and b) W255 for a pump fluence
of 61 uJ/cm? and a probe fluence of 4.7 uJ/cm?. An exponential fit is applied
to the temporal response for time >1 ps.

SESAM Recombination Times

SESAM Slow Recovery Time Reference
V623 5.7+ 0.5 ps -
W255 3.3 +£0.3 ps -
Surface Recombination - 1 ps Zorn et al. (2008)
2-nm capping layer
Surface Recombination - 5.4 ps Zorn et al. (2008)
5-nm capping layer
Surface Recombination - 21 ps Garnache et al. (2003)
2-nm capping layer
QD SESAM 15.9 ps Hoffmann et al. (2011)
Embedded QW SESAM 2 ps Zaugg et al. (2014a)
Embedded QW SESAM 4.1 ps Mangold et al. (2014)

Table 4.3: Slow recombination rates for SESAM designs reported in VECSEL
literature.
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shows the greatest returned signal, with the other two almost constant. The measure-
ments performed on W255 show a decreasing response for increasing pump fluence. The
rather random nature of the peak temporal response of the SESAM to increasing fluence

may be due to alignment error in the experimental setup.

The observation of almost complete absorber recovery on time-scales shorter than 10-
ps make surface recombination SESAMs attractive for the pursuit of ultrafast mode-
locked VECSELSs at high GHz repetition rates. Although, further characterisation with
a pump pulse duration short compared to the recovery times is required to make informed

decisions on the effect structure design has on recovery rates.

4.5 Low Mode-Area Ratio VECSEL

Mode-area ratios for surface-recombination SESAM ML-VECSELs have ranged from
10 to 40 using A4234 or a similar structure designed for operation at 1000 nm (Quarter-
man et al. (2009); Wilcox et al. (2011b, 2008)). Dielectric-coated surface recombination
SESAMs have been used with mode-area ratios of 25 (Klopp et al. (2009, 2011)). A ML-
VECSEL with a mode-area ratio of 5.6 exhibiting pulses with 335-fs FWHM duration at
120 mW average output power was demonstrated by Wilcox et al. (2010a), representing

the lowest mode-area ratio using a surface-recombination in VECSEL literature.

I investigated the possibility of 1:1 mode-locking using a surface-recombination SESAM
of the above design designed for 1000 nm. It was not possible to use a SESAM charac-
terised in this chapter due to the lack of suitable gain structure. Due to the similarity
in structure design it was assumed that the 1000-nm SESAM had similar properties to

the absorbers characterised above.

4.5.1 Gain and SESAM Description

The gain sample used, V629, was an unprocessed semiconductor anti-resonant structure
designed for operation at 1000 nm. The active region was 7.50/2 thick containing 6

8-nm IngoGaggAs QWs. A A/4 thick layer of AlAs capped the active region, resulting
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in an anti-resonant structure. The 27.5 layer-pair GaAs/AlAs DBR was centred at 1000
nm. The structure was grown by the University of Cambridge on a 500-ym thick GaAs

substrate.

The SESAM used, V628, was a surface-recombination structure designed for operation
at 1000 nm. The single Ing oGaggAs QW was separated from the DBR by a spacer layer
thickness of 13 nm. The DBR was a 27.5 layer-pair GaAs/AlAs structure centred at
1010 nm. V628 was a regrowth of V623 with the QW grown correctly for 1000 nm. It
was not possible to characterise the SESAM due to the lack of appropriate laser source at
1000-nm. The gain and SESAM structures were the same as used in the 5.6 mode-area

ratio ML-VECSEL reported by Wilcox et al. (2010a).

4.5.2 Mode-locked Results

A 1.08 GHz Z-cavity, schematic shown in figure 2.2, was constructed with a 50 mm
radius-of-curvature (RoC) 0.7% output coupler, gain structure, 50-mm RoC high-reflector
(HR) fold mirror and the SESAM. The gain structure was pumped by a fibre-couple 808-
nm diode laser providing up to 2.5 W of pump power in 60-ym radius spot. The laser
mode-radius on the gain was matched to the pump radius. The gain-fold mirror and fold

mirror-SESAM distance were varied to investigate a range of mode-radii on the SESAM.

No mode-locking was observed for a 1:1 mode-area ratio, suggesting that the gain sat-
uration fluence of V629 is less than 100 uJ/ cm?. Mode-locking was observed for a spot
size of 43 um on the SESAM, corresponding to an approximate mode-area ratio of 2:1.
Gain and SESAM heatsink temperatures of 5 °C and 30 °C respectively were used. The
measured spectrum and autocorrelation for an incident pump power of 2 W are given
in figure 4.12 (a) and (b) respectively showing a FWHM pulse duration of 320 fs and a
spectral width of 4.04 nm, resulting in a pulse 1.3 times transform limited. figure 4.12(c)
shows the first 4 harmonics of the laser RF spectrum giving a fundamental repetition
rate of 1.08 GHz. The small long wavelength feature in the spectrum is assumed to con-
tribute to the pulse due to the observation of a pedestal-free autocorrelation. The laser

had an average output power of 94 mW, which after intial mode-locking onset steadily
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decreased over a several minute time duration, before the laser began CW operation.

The reduction in output power is attributed to thermally induced loss in the SESAM.

The results here represent the best performance achievable from the laser cavity in this
configuration. The laser performance and cavity design give a fluence on the SESAM
of 230 uJ/cm? and 115 pJ/cm? on the gain. The fluence on the SESAM corresponds to
a saturation parameter of 23, assuming a saturation fluence on the order of 10 uJ/ cm?.
Assuming a saturation parameter on the order of 100 uJ/cm? for the gain structure,

gives a gain saturation parameter of 1.

The saturation parameter of 23 using an area ratio of 2:1 corresponds to an almost three
times reduction in the saturation parameter and mode-area ratio when compared to the
results reported by Wilcox et al. (2008) using the same gain and SESAM structures. The
reduction in saturation parameter and, hence, increase in pulse shortening per absorber
interaction as shown in figure 3.2, has resulted in only a small, ~ 15 fs, reduction in the
pulse duration. without knowing the exact value of saturation fluence and modulation
depth for the absorber used, the assertions here are, at best, an approximation. The laser
characterised here represents the first demonstration of a surface-recombination SESAM
ML-VECSEL with a 2:1 mode-area ratio. Although it was not possible to achieve 1:1
mode-locking, these results correspond to almost a reduction by a factor of 3 in required
mode-area ratio to demonstrate mode-locked behaviour. The increased mode-area on
the SESAM reduces the thermal load and will allow scaling to higher powers without

thermally induced damage.
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Figure 4.12: (a) Optical spectrum, (b) autocorrelation with sech? fit of pulse,
and (c) RF spectrum showing the first 4 harmonics from a mode-locked VEC-
SEL with a 2:1 mode-area ratio between the gain and SESAM. The extracted
FWHM spectral bandwidth is 4.04 nm, the FWHM pulse width is 320 fs and
the fundamental repetition rate is 1.08 GHz.
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4.6 Conclusion

I have described the full characterisation of the three InGaAs QW surface-recombination
SESAMs. A4234 and W255 were SESAMs designed for operation around 1030 nm. V623
was designed for 1000 nm, however due to mis-calibration of QW indium concentration
the SESAM operated at 1030 nm. The change in structure design from previously char-
acterised absorbers was the reduction of the spacer layer from 40 nm to approximately
13 nm, which caused an increase of the electric field enhancement on the QW. A mod-
ulation depth of 0.7% had been calculated for the SESAMs, however, the saturation
fluence was unknown. Macroscopic structure parameters were successfully extracted for

all three structures under investigation.

The first measurement to ascertain the agreement between structure design and growth
was a high-accuracy broadband reflectivity measurement capable of resolving the loca-
tion and width of the QW absorption feature. A4234 showed an approximate 10-nm
discrepancy between design and growth of the DBR whereas V623 and W255 showed
good agreement between design and growth. The measurement demonstrated no relation
between the indium concentration and the location of the absorption feature, attributed
to the differences in growth conditions across the three MBE machines used. Highly
repeatable growth is required to ensure that there is little variation over subsequent
growths of absorber, especially when evaluating the design choices on new SESAMs.
Although all three structures operated at 1030 nm, only V623 had the centre of the
absorption feature located at the design wavelength. It was possible to resolve the mag-
nitude of the QW absorption feature, which for all three structures was greater than

2%, more than 3 times greater than the assumed modulation depth.

The second was a non-linear reflectivity measurement to characterise the reflectivity of
the SESAMs as a function of incident pulse fluence extracting the modulation depth,
saturation fluence, non-saturable losses and induced absorption parameter. The Fg
extracted for all three structures was approximately five times less than the “low mod-
ulation depth” structure designs, thus, greatly reducing the required mode-area ratio

given in equation 3.6 to successfully form pulses. The measured modulation depth from
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the three structures agreed with the broadband reflectivity measurement and gave val-
ues greater than 2%. The difference in modulation depth between the structures is due
to the wavelength offset between of the absorption feature and the pulse. Both the
extracted modulation depth and saturation fluence agree with values extracted from
simulations performed by Sieber et al. (2013) for what is required for Watt-level 200-fs
pulses from a passively mode-locked VECSEL. The extracted non-linear loss was within
tolerance for high-power operation. No implanted defect sites were required to speed

up absorber recovery rates, allowing the non-saturable loses in surface-recombination

SESAM designs to be kept small.

The extracted Fo values linked to induced absorption showed great variation in the
SESAMs under investigation and therefore structure parameters that dominate the mag-
nitude of Fo require further investigation. Through changing absorber designs to max-
imise Fy it will be possible to optimize surface-recombination SESAMs for high-power

operation.

A pump-probe measurement was was performed to evaluate the temporal response of
a SESAM to an incident pulse to characterise the absorber recovery times. Due to
the length of the incident pump and probe pulse it was not possible to observe the
fast recombination of the absorbers under investigation. It was observed that all three
SESAMs had fully recombined approximately 10 ps after the incident pump pulse. The
fast recovery makes surface-recombination SESAMs well suited for forming ultrashort
pulses. Further investigation is required using a laser source with pulse durations much
shorter than the recombination times, ideally on the order of 100 fs. The use of such a
source, which was not possible at the time, will allow extraction of both fast and slow
absorber response times and will make it possible to fully characterise any new designs

of absorber.

The use of established characterisation techniques has highlighted certain limitations in
the extraction of macroscopic structure parameters. The required used of an external
laser source to probe the absorber response brings a limitation in excitation wavelength
and pulse duration. As has been shown above, if the laser wavelength does not overlap

with the absorption feature the resulting characterisation may not represent the absorber
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under operating conditions. It also limits the possibility of characterising structures at a
wavelength where a laser source is not available, for example, we have existing structures
designed for 1000-nm that it was not possible to characterise due to lack of a 1000-nm

pulsed laser source.

A laser source with a ps pulse duration will result in extraction of an Fs parameter
greater than experienced with pulse durations on the order of several hundred femtosec-
onds. Long pulse durations will also result in not resolving absorber response times as
mentioned above. Reliance on external laser sources limits the application of the char-
acterisation techniques used in this chapter and therefore developing a characterisation
technique that can extract macroscopic parameters from a ML-VECSEL under operat-
ing conditions without the need for an external source would be a powerful tool. Pursuit

of such a characterisation technique has motivated the work reported in chapter 5.

I have demonstrated a ML-VECSEL using two structures designed for 1000-nm with a
mode-radius of 60 ym on the gain and 43 ym on the SESAM, resulting in a mode-area
ratio of 2:1. The laser exhibited 320 fs pulses with an average output power of 94 mW in
a 1 GHz cavity at a pump power of 2 W. The laser represents the lowest mode-area ratio
demonstrated in a surface-recombination SESAM ML-VECSEL. The characteristics of
the 1000 nm were assumed to be similar to the SESAMs characterised in this chapter

due to the similarity in design.

The work in this chapter has provided a benchmark for absorber designs and parameters
optimised for high-power ultrafast operation. New structure designs will be characterised
using the above suite of techniques to determine the effect that design changes have on

macroscopic parameters.






Chapter 5

Experimental Measurement of
Spectrally-Resolved Pulse

Formation

In this chapter I describe the work done studying the transient onset of lasing and
ultra-short pulse formation in SESAM mode-locked VECSELs for characterisation of
VECSEL structures under operating conditions and as an experimental technique to
verify models used to predict pulse formation. The technique has its origins in the
intracavity laser absorption spectroscopy (ICLAS) measurement used to determine gas
phase spectra with good sensitivity using a relatively compact instrument (Garnache
et al. (2000, 2007)). The measurement of mode-locking onset times in ML-VECSELSs
was first performed by Hoogland (2003) on 4.3 ps mode-locked VECSEL where the onset

time was measured to be ~4 us.

Barnes et al. (2010) reported the first instance of a spectro-temporal measurement tech-
nique to characterise the spectral filter of a VECSEL gain structure and extract the
corresponding parabolic gain bandwidth under operating conditions. The experiment
was performed by using an intracavity optical chopper to block and unblock the laser
mode of a CW-VECSEL. An acousto-optic modulator (AOM) was then used to deflect

the laser spectrum onto a spectrometer at times after lasing onset. The rate narrowing of
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the measured spectrum, or spectral condensation, was then used to extract the spectral
filter of the gain structure. The gain structure characterised was used by Quarterman
et al. (2009) to achieve 60 fs pulses and had a measured gain bandwidth of 51-nm. The
temporal resolution was limited to 4 us due to the response time of the AOM and it was

also not possible to record spectra for early times, <18 yus, after lasing onset.

Head et al. (2014) reported an improvement to the above technique. The AOM and
spectrometer were replaced with a 1-m stepper-motor-controlled grating monochromator
to separate out and record the individual spectral components in the fundamental laser
spectrum for times up to 100 us after lasing onset. The increase in temporal resolution
to 32 ns allowed measurement of the spectrum and observation of spectral condensation
directly after lasing onset. Measurements were limited to low incident pump powers, and
hence not representative of gain bandwidths achieved close to thermal roll-over where
it would be broadest. With both high temporal and spectral resolution the technique
reported by Head et al. would allow observation of the laser spectrum from lasing onset

to steady-state operation in a ML-VECELSs.

Transient measurements of mode-locking onset have been performed on SESAM mode-
locked solid-state lasers (Sun et al. (2001); Sutter et al. (1998)). Typically the second
harmonic of the laser output is recorded in parallel with the fundamental output power
as a function of the time after lasing onset, where the measurement of a second harmonic
signal indicates the presence of a pulse circulating in the cavity. Delay times of between
10 and 100 ys seconds were measured between the initial rise of the fundamental power
and the presence second harmonic intensity. The time delay is known as the mode-
locking onset time. Kaertner et al. (1995) derived criteria for the dynamic behaviour of
SESAM mode-locking in solid-state lasers particularly for self-starting and suppression
of Q-switching instabilities. They derived and expression for mode-locking onset time

as a function of macroscopic laser parameters.

Using a streak camera, Sarukura and Ishida (1992) were able to measure the spectral
evolution of a Ti:Sapphire laser mode-locked by a dye-based saturable absorber both
with and without dispersion compensation from a prism pair. Mode-locking onset times

of 200 ys and 400 ys were measured with and without the prism pair respectively.
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Kuo et al. (1992) and Zinkiewicz et al. (2013) have measured the spectral evolution
of a mode-locked solid-state laser along-side the power transients from lasing onset to
steady-state operation. However, the use of an AOM limited these measurements to

temporal resolutions of greater than 20 us.

The work performed in this chapter combines the high time resolution spectro-temporal
measurement described by Head et al. (2014) with the measurement of fundamental and
second harmonic power transients, allowing characterisation of a ML-VECSEL from
lasing onset to the final steady-state pulsed operation. These measurements will provide
insight into the validity of predictive modelling used for ML-VECSELSs and as a technique
to understand the dynamics of pulse formation in VECSELs. To date, the spectral

evolution of a ML-VECSEL from lasing onset has not been measured.

In the reports on ML-VECSELSs there has been a range of structure and cavity designs
used to form ultrashort pulses (Tropper et al. (2012)) and to date there has not been
a systematic experimental investigation into the effect of changing laser parameters on
the formation of pulses. The work presented here is the first attempt at developing a
technique to characterise the influence of macroscopic laser parameters on the observed

formation of pulses in a ML-VECSEL.

The work in this chapter has also been motivated by the limits of the characterisation
techniques presented in the previous chapter, which have a reliance on an external laser
source with stringent requirements on operating wavelength, pulse duration and pulse
energy. The aim of the experimental technique in this chapter is to investigate the
pulse formation dynamics in SESAM ML-VECSELs and provide a method of extracting

macroscopic structure parameters under operating conditions.
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5.1 Experimental Setup for Spectrally-Resolved Pulse For-

mation

5.1.1 ML-VECSEL Under Investigation

The laser was used in a z-cavity configuration formed by an 50-mm RoC output cou-
pler, gain structure, 50-mm RoC HR and SESAM. The output coupler transmission was
0.3%. The gain structure was pumped by a fibre-couple 808-nm diode laser providing
up to 2.5 W of pump power in 60-um radius spot. The overall cavity length was approx-
imately 15 cm, corresponding to a 1-GHz repetition rate, and was designed to give an
approximate 2:1 mode area ratio between gain and SESAM. Both gain and SESAM were
mounted on Peltier-controlled water-cooled copper heatsinks with the temperatures set
to be -5 °C and 32 °C respectively. The cavity design and heat-sink temperatures were

optimised for long-term laser stability.

The gain and SESAM structures used in this experiment were V628 and V629, described
in section 4.5 to demonstrate a low mode-area ratio ML-VECSEL. The structures used
were the same reported by Wilcox et al. (2010a) which were capable of 335-fs FWHM
pulse durations with an average output power of 120 mW. The VECSEL exhibited stable
mode-locked operation for incident pump powers in the range from 700 - 1200 mW. The
laser output characteristics as a function of pump power are shown in table 5.1. Average
output power and pulse duration as a function of pump power are shown in figure 5.1.
Average output power increased from 17 mW to a maximum of 52 mW, with pulse
durations decreasing from 410 fs to 345 fs over the range of pump powers used. It is
useful to note that the decrease in performance from the laser reported by Wilcox et al.
(2010a) was due to the optimisation of the laser for stability rather than performance.
With increasing pump power both the FWHM maximum spectral width and multiple

of the transform limit both increase also.

It would have been preferable to perform the experiment using 1030-nm absorber struc-

tures characterised in the chapter 4 as the macroscopic absorber parameters had been
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Pump Power | Output Power FWHM Pulse FWHM Times
(mW) (mW) Duration (fs) Spectral Transform
Width (nm) Limited
705 17 410 2.4 1.01
800 22 408 2.8 1.05
894 31 392 2.9 1.07
990 37 370 3.2 1.13
1082 43 363 3.5 1.26
1177 52 345 3.6 1.30

Table 5.1: Table containing the output power, FWHM pulse duration, FWHM
spectral width and how many times transform limited the resulting pulse was
as a function of incident pump power.
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Figure 5.1: Average output power and FWHM pulse duration as a function of
pump power of the 1 GHz ML-VECSEL containing V628 and V629.

extracted. However, a gain structure providing stable mode-locking was not available to

build a ML-VECSEL.

5.1.2 Experimental Setup

Figure 5.2 shows a schematic of the setup used to investigate mode-locking onset and
pulse evolution. An optical chopper was placed in the cavity next to the SESAM in

order to block and unblock the laser cavity mode whilst keeping the pumping conditions
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Figure 5.2: A schematic of the spectrally-resolved mode-locked rise-time setup.
An intracavity chopper is used to block and unblock the mode of the laser. The
fundamental intracavity power rise is measured on a fast photodiode (PD1). The
second harmonic is generated in a 300 gm BBO crystal and is then measured
on a silicon photodiode (PD 2). The fundamental is spatially separated and
removed using a prism, low-pass filter (LPF) and aperture. A flipper mirror
(FM2) is used to direct the fundamental through a stepper-motor-controlled
grating monochromator and onto another fast photodiode (PD3). The inital
output can be directed onto laser diagnostics using FM1.

constant. It was necessary to position the chopper near to a focus in the cavity to ensure
the chopper blade uncovered the mode in a time short compared to the rise-time of the
laser. The chopper was set to rotate at 170 Hz giving an open window time of ~350 ys.
the remaining time the laser mode was covered allowing the laser to fully recover before

being switched on again.

A flipper mirror (FM) was placed in the initial beam path before the first beamsplitter
(BS) to allow the output of the laser to be characterised by diagnostic equipment. The
output of the laser was then split with a 90:10 BS with the low power path directed
onto a fast photodiode to observe the fundamental intracavity power rise. The remaining
power was focussed through a 300-um thick BBO crystal for second-harmonic generation.
After the non-linear crystal the remaining fundamental was spatially separated from the
second harmonic using a prism. A combination of low-pass filer and aperture were used
to ensure that no fundamental was incident onto a silicon-based photodiode used to

measure the rise of the second harmonic.
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A FM was placed before the non-linear crystal to direct the beam through a 1-m, stepper-
motor-controlled, grating monochromator and onto a fast photodiode at the monochro-
mator exit. At each stepper motor position the averaged rise for each wavelength com-
ponent in the fundamental was recorded. Through combining both measurements it is

possible to spectrally resolve the evolution of the pulse in the cavity from lasing onset.

The spectro-temporal measurement of the evolution of pulses in the ML-VECSEL under
investigation was performed for the range of pump powers over which stable mode-
locking was observed. For pump powers in the range of 700 to 1200 mW, in steps of
approximately 100 mW, both the transients from lasing onset and the spectral evolution
was measured. The length of each measurement was approximately 20 minutes and as

a result, laser stability was crucial for performing this experiment.

5.2 Theory of Mode-Locking Onset and Pulse Formation

It is useful to consider three regimes when considering a description of pulse formation
based on the above experimental setup. The first is the time period from lasing onset
to mode-locking onset. Using the above experimental setup, the first regime is defined
as the period from the initial fundamental power rise of the laser to the first detection
of a second harmonic component. The second regime is from mode-locking onset to
the final steady-state of the laser. The evolution of the second harmonic signal and
spectrum over the second regime will indicate how the pulse is forming per round trip.
The final regime is the steady-state laser operation. As the laser spectrum and measured
power transients do not change in this regime, no information can be gathered about
changes of the pulse due to interaction with cavity elements. In the final steady-state
regime the required information can be obtained through conventional diagnostics, i.e.

autocorrelation and spectrum measurements.

5.2.1 Onset of Mode-locking

Kaertner et al. (1995) have analysed the onset of pulse formation in self-starting SESAM

mode-locked solid-state lasers. With the approximation that mode-locking forms from a
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Mode-Locking Onset Parameters
Fyat | 10 uJ/em? | Tgrr 1 ns
240 2% Agps | 5.03 x 1075 cm?
Tabs 5 ps

Table 5.2: Parameters used to calculate the theoretical mode-locking onset time
shown in figure 5.3.

single longitudinal cavity mode that couples energy to automatically phase-locked side-
bands an expression the mode-locking onset time (Th;pr) can be well approximated

by:

1 2
~ 40 Tabs P, (5 ' 1)

TMBT Fsat,abs Aabs TRT

where 2¢qq is the modulation depth of the absorber, 7,35 is the absorber recovery time,
and Fyq qps is the absorber saturation fluence, Ags is the mode area on the absorber.
P;,; is the average intracavity power and Ty is the cavity round-trip time. The result
of 5.1 is based on the assumption that both the upper-state lifetime and round-trip time
are long compared to the absorber recovery time and that the upper-state lifetime is long
compared to the round-trip time. It neglects any dispersion and spectral hole burning
effects and also makes the assumption of monochromatic light and spectrally invariant

macroscopic parameters.

Figure 5.3 shows the simulated mode-locking onset time as a function of average output
power calculated using equation 5.1 and the parameters in table 5.2. The blue crosses
show the calculated theoretical onset times for the average output powers listed in ta-
ble 5.1. As the average output power of the laser is increased the mode-locking onset
time decreases from ~1 us at the lowest average output power to ~ 200 ns at the highest.
It is interesting to note that the product of the intracavity power and the mode-locking

onset time should remain constant.
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Figure 5.3: Simulated mode-locking onset time as a function of average output
power calculated from equation 5.1. The theoretical curve (orange line) is cal-
culated using the measured SESAM parameters from chapter 4 of Fyu 455 = 10
uJ/ cm?, 2qp = 2%, and T4 = 5 ps. Using the cavity parameters for the laser in
this experiment gives an Agps = 5.03 x 107° ¢cm? and a Try = 1 ns. The blue
crosses show the theoretical mode-locking onset times for the 6 average output
powers given in table 5.1.

5.2.2 Pulse Evolution

Once the mode-locking has started, it is possible to measure how the pulse changes
as a function of time by looking at the evolution of the frequency doubled output of
the laser. Once the laser is close to stable steady-state mode-locked operation, we can
assume that a single pulse is circulating in the cavity, of duration 7, which differs from
the steady state value and has a near hyperbolic secant profile. As the second harmonic
generated is dependent on the square of the intensity of the pulse we have the following

relationships:

and
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— yr(T)I(T) / £ () da (5.3)

where, Pfypn(T) and Pyyg(T) are the integrated fundamental and second harmonic powers
respectively as functions of the time after mode-locking onset, T'; the signals that would
be measured on a photodiode. t is the time in a pulse-centered reference frame and 7 is a
conversion efficiency between the fundamental and second harmonic. We use a function,
f(x) to describe the envelope of the pulse, the exact form is not important although it

is assumed to be near sech?. I(T') is the intensity of the pulse.

By squaring the fundamental and dividing it by the SHG signal we can arrive at a
relation where the measured value is directly proportional to the pulse length at that

point in the rise. The resulting equation is then:

ox 7(T). (5.4)

Based on the measurement of the fundamental and second harmonic transients, the
above relationship will allow an experimental characterisation of how the pulse length
changes per round trip. Increasing the pump power increases the local temperature of
the structure and the carrier density, causing a broadening of the gain bandwidth and a
reduction of the spectral filter. As a result with increasing pump power, the lengthening
contribution from the gain structure per round trip should decrease. As the pump power
in increased, below thermal roll-over, the intracavity power will increase increasing the
saturation parameter on the absorber. Above a certain saturation parameter, as shown
in figure 3.2, increasing the intracavity power will decrease the pulse shortening per

round trip from the absorber.
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Figure 5.4: Spectrally resolved mode-locked rise time for an incident pump
power of 1100 mW. a) Evolution of the fundamental intracavity power (red)
and second harmonic of the laser output (green). b) The spectrally resolved
intensity of the fundamental laser output.

5.3 Experimental Results and Discussion

Figure 5.4a) shows the fundamental intracavity power rise, the second harmonic and the
integrated spectral power as a function of the time after the mode is unblocked for a
pump power of 1100 mW. It was chosen as a representative pump power; the transients
measured for all other pump powers show the same dynamics when linked with the
spectral data. The figure shows that after the initial rise from uncovering the mode and
power build up there is reduction in intracavity power followed by a second rise before
reaching a steady state. The local minimum in the measured fundamental occurs at the
same time that the second harmonic signal rises out of the noise, giving the starting
point for the pulse evolution. The decrease in measured fundamental signal indicates
the presence of some damped relaxation oscillation prior to the initial formation of the
mode-locked pulse. From this time the second harmonic signal rises non-linearly until
again reaching a steady state. From the graph we can divide the rise into the three

regimes described in section 5.2.
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From both the second harmonic signal and the fundamental we can infer that the second
rise in the power is the increased saturating of the SESAM as the pulse builds to a
steady state. The initial noise spike will not fully saturate the SESAM, resulting in
residual saturable losses. As the forming pulse grows in intensity it is further able to
saturate the absorber resulting in increased power. The intracavity power reaches a
steady state before the second harmonic meaning that, although the intracavity power
is constant, pulse shaping mechanisms are not yet balanced. At first the second harmonic
signal grows very rapidly with time before slowing down and subsequently levelling off
suggesting that once the noise spike has begun saturating the SESAM the initial pulse
intensity forms quickly before slowing. The time reported by Sieber et al. (2013) for
their model to reach a steady-state pulse solution was approximately 10* round trips.
Here, where a round trip is approximately 1 ns, the rise takes place over a longer time
scale, approximately 50,000 round trips. The assumptions of the model, neglecting real
world spectral dependence and unknown parameters, may cause it to converge to a final
solution faster. It would be necessary to characterise the gain and absorber used here

to simulate the expected formation time based on the model of Sieber et al. .

Figure 5.4b) shows the spectral intensity of the fundamental as a function of time. By
lining up the time-scales directly with the power measurements we can see the spectral
components present at each point in the rise. The initial part of the spectral evolution is
a rapid spectral condensation which was reported by Head et al. (2014) in CW-VECSEL
lasing onset measurements as the cause of spectral evolution in early times after lasing
onset before the steady-state was reached. As the spectrum narrows it moves towards
a longer wavelength and forms a noise spike that starts saturating the SESAM. The
spectral bandwidth of the laser is directly linked to the temporal width, and hence
intensity, of noise-spikes present in the cavity (Siegman (1986)), we can assume that a
certain degree of spectral condensation is required to form a noise-spike intense enough
to begin the saturation process. The spectral condensation coincides temporally with
the observed decrease in the measured fundamental intracavity power. The shift in laser
wavelength and decrease in power indicates some damped spectral relaxation oscillation

occurring prior to the mode-locking onset.
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As the second harmonic begins to rise we see a separate spectral component forming the
pulse present, similar to the process seen by Sarukura and Ishida (1992) in a mode-locked
Ti:Sapphire. The shift in wavelength indicates that prior to saturating the SESAM, the
gain peak was at a longer wavelength, where the loss introduced by the SESAM was
lower. The gain peak for the saturated SESAM is at a shorter wavelength and remains
constant over the course of the pulse evolution. As the pulse forms the CW part of the
spectrum sees more loss and is attenuated over the course of many cavity round trips,
until eventually the pulse spectrum reaches a steady-state and remains unchanging over

subsequent round trips.

Figure 5.5 shows the spectrally resolved rise of the lasers as a function of incident pump
power, which correspond sequentially to the pump powers given in table 5.3. We can see
from the graphs that as we increase the pump power the initial CW component of the
spectrum moves to longer wavelengths; consistent with the increasing local temperature
of the active region. At a pump power between 800 and 894 mW, figure 5.5b) and
5.5¢c), we can see that the initial peak gain occur at the same wavelength as the final,
saturated gain peak. It was noticeable from laser operation that the higher the pump
power, and hence longer the CW-peak wavelength, the less stable the laser was in long

term operation.

5.3.1 Noise Spike Dependence on Laser Bandwidth

As shown in figure 5.5 the time before the second harmonic signal is measured is domi-
nated by the presence of a CW spectrum undergoing spectral condensation for all pump
powers. The CW spectrum forms the noise spike that is used to initially saturate the

SESAM, allowing a self reproducing pulse to build up in the cavity.

I have modelled the energy of the largest noise spike from the summation of longitudinal
cavity modes given by equation 3.2, based on a gaussian spectrum with no fixed phase
relation between each mode. The intracavity energy for the largest noise spike is cal-
culated for an average output power of 20 mW and a 0.3% output coupler. The cavity
repetition rate, and hence mode-spacing, was set to be 1 GHz. A saturation fluence of

10 uJ/cm? and SESAM mode radius of 40 ym were used to calculated the saturation
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Figure 5.5: Spectral evolution of mode-locked VECSEL as a function of pump
power. For incident pump powers of a) 705 mW, b) 800 mW, c¢) 894 mW, d)
990 mW, e) 1082 mW, and f) 1177 mW.
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parameter. The model was performed over 100 simulations of the cavity due to the
random nature of the cavity phases and noise spike formation. The laser parameters

used approximately reflect those of the structure used in this experiment.

The noise spike energy and SESAM saturation parameter is shown as a function of
FWHM spectral bandwidth in figure 5.6. An increase in spike energy, and hence satu-
ration parameter is observed for a decrease in bandwidth. The increase in energy is, at
first glance, counter intuitive as the temporal width of the noise spike is proportional
to the reciprocal of the spectral bandwidth. Therefore broader spectrum results in a
greater peak power. There is also an increase in peak power with increasing bandwidth
due to the random walk nature of the summation of spectral modes; the peak power is
proportional to the reciprocal of the square root of the number of cavity modes. How-
ever, with an greater bandwidth there are a more noise spikes circulating in the cavity
due to the reduced temporal noise spike width, as a result the cavity energy is divided
between more spikes. For a reduced bandwidth there are fewer, broader, more energetic

spikes circulating in the cavity.

The spike energy increases from 0.03 nJ to 0.1 nJ and saturation parameter increases
from 0.03 to 0.1 as the FWHM bandwidth decreases from 5 nm to 1 nm which is of the
order of the reduction that is observed for the figures 5.5a) and b) before mode-locking
onset. However, there is no well defined threshold for the saturation of the absorber
required for the onset of mode-locking. Sieber et al. (2013) begin their model from a 10
nW noise floor and neglect any spectral considerations to reach a steady-state solution,
which is smaller than the values I have extracted here. I have demonstrated here that

there is a definite spectral component involved prior to the onset of mode-locking.

5.3.2 Mode-Locking Onset Times

Figure 5.7 shows the measured mode-locking onset time as a function of incident pump
power. The onset times are more than 30 times greater than the theoretical values shown
in figure 5.3. The mode-locking onset times do not show the trend given by equation 5.1
as the product of the intracavity power and the onset time should be constant. The first

3 pump powers give a constant value to within 10%, however, this relationship breaks
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Figure 5.6: Simulated noise spike energy and saturation parameter as a function
of FWHM spectral bandwidth

down for the final 3 pump powers. We can attribute this to the simplicity of the model
used as it assumes all photons at the same wavelength and from figure 5.5 it has been
shown that the initial formation of the pulse is dominated by a spectral condensation
and relaxation process. As both the gain and the absorption, and consequently the
saturation fluence, are dependent on wavelength it may be necessary to create a more
sophisticated model of mode-locking onset that can take into account spectral mismatch
between the gain and absorber wavelengths and relaxation dynamics. With a model
of mode-locking onset time that matches the experimental data shown here it may
be possible to extract macroscopic laser parameters under operation. However, further
testing using ML-VECSELs with different cavity designs and gain-SESAM combinations

must be tried to investigate if the dynamics observed here occur elsewhere.

5.3.3 Pulse Shortening per Round-Trip

The final parameter we are interested in is the rate of change of pulse duration after
mode-locking onset. As shown in equation 5.4 by plotting the fundamental power rise
squared and dividing by the second harmonic signal we obtain a plot proportional to

the pulse duration at that time after onset, an example is shown in figure 5.8. By fitting
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Figure 5.7: Measured mode-locking onset time as a function of incident pump
power. The onset time is defined as the difference between initial fundamental
and second harmonic signal measurements.

an exponential decay function we can obtain a value for the pulse shortening per round

trip in the laser. The equation used to fit the data is:

T —T;
Ysignal(T) = AO <]- + € exp <_ O)) ’ (55)
Tdecay

where Yyignai(T) oc 7(T) from equation 5.4, Ag and ¢ are fitting parameters and Tiyecay

is the decay time given by the relationship:

T0TR
Tdecay: OS . (56)

7o is the steady-state pulse duration and S is the pulse shortening per round trip (Wilcox

et al. (2010b)).

The extracted pulse shortening for each value of pump power is given in table 5.3.
Pump powers from 700 - 900 mW give an increase in pulse shortening per round trip
from 0.011 fs to 0.040 fs. The more pump power incident on the structure, the hotter

the local temperature and the broader the gain bandwidth, which results in a reduction
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Figure 5.8: Graph showing an example of the evolution of the pulse as a func-
tion of the time after lasing onset. The IR?/SHG is taken from the curves in
figure 5.4a) and the exponential fit used is of the form given in equation 5.4.

of the filtering on the spectrum and a reduced lengthening of the pulse by the gain. For
pump powers above 800 mW we can see an decrease in pulse shortening per round trip
from 0.039 fs to 0.025 fs. The gain filtering effect on the pulse shaping will be weaker
for higher pump powers and as such we would expect a larger net shortening per round

trip.

Although with a higher intracavity power we have a larger fluence on the SESAM and
hence greater saturation parameter which results in an absorber that is less strongly
modulating the pulse; the wings of the pulse are enough to saturate the SESAM causing
a reduction in the modulation effect. Pulse shortening as a function of the saturation
parameter, S, on the SESAM is shown in figure 5.9, where the saturation parameter is

calculated using an absorber Fgu of 10 uJ/ cm?.

In spite of the reduced shortening by the SESAM at high intracavity fluences, a shorter
pulse duration is reached in the steady-state due to broader available gain bandwidth
and hence, reduced filtering, however, a longer time is required to reach the steady-state
solution where effects from the gain and absorber are balanced. Of the two competing
effects the absorber is dominant in the evolution of the pulse at high powers. However,

it is very difficult to fully isolate one parameter to fully quantify any effect on pulse
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Figure 5.9: Calculated pulse shortening per round trip as a function of the
SESAM saturation parameter. The SESAM parameter is calculated assuming
a value of 10 puJ/cm?.  The pulse shortening is extracted from the recorded
fundamental and second harmonic power transients using equation 5.5.

formation and evolution due to the complex and inherently interlinked nature of the

laser parameters.

I have neglected any pulse shortening or stretching due to dispersive effects in this anal-
ysis as due to the formed pulses being close to the transform limit and any pulse shaping
effects over the course of a round trip to be small. As we approach the final steady-state
bandwidth it can be assumed that per round trip the non-linear and linear dispersion are
close to being balanced. As pulse durations decrease, and hence spectral bandwidths
increase, dispersion will have a greater effect on the final steady-state pulse solution.
Sarukura and Ishida (1992) showed that the introduction of a dispersion compensating
prism pair into a passively mode-locked Ti:Sapphire reduced the onset time, reduced the
pulse formation time, and increased laser stability. It would be interesting to perform
an analysis of pulse formation using the experimental technique shown here combined
with the dispersion analysis technique presented by Hoffmann et al. (2010) to resolve

the effect of cavity dispersion on pulse formation.

The model developed for extracting the pulse-shortening per round trip does not assume

monochromatic light. However, the presence of two distinct spectral components in the
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Pump Power (mW) Onset Time (us) Shortening per Round
Trip (fs)
705 31+ 3 0.011 + 9x10~4
800 25 + 3 0.031 + 2x1073
894 15 + 3 0.040 + 1x1073
990 18 +£3 0.039 + 4x10~4
1082 15+ 3 0.032 + 2x10~4
1177 26 + 3 0.025 + 3x1074

Table 5.3: Table containing the mode-locking onset times and extracted pulse
shortening per round trip as a function of incident pump power. The pulse
shortening is extracted from the recorded fundamental and second harmonic
power transients using equation 5.5.

formation of the steady-state spectrum at the highest average powers indicates that not
all of the measured fundamental power will be contributed to the pulse formation. It is
difficult to separate the spectral components as there is not a clearly defined wavelength

separation between the two components.

Measurement of the gain bandwidth through the method reported by Mangold et al.
(2012) will allow measurement of the gain filter applied over a full range of incident
pump powers and an indication of the magnitude of pulse lengthening from the gain

contributed by the structures used in this experiment.

Implementation of a model based on macroscopic laser parameters which does not as-
sume monochromatic light will be necessary to test the laser behaviour observed in this

experiment.

5.4 Conclusions and Future Work

In this chapter I have demonstrated the first spectrally-resolved measurement of pulse
formation in a ML-VECSEL alongside the measured fundamental and second harmonic
power transients. The ML-VECSEL used exhibited stable mode-locking for pump pow-
ers from 700 - 1200 mW and the spectral rise and power transients were measured at

steps of approximately 100 mW.
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The measured power transients showed a initial rapid rise of the fundamental after
the laser mode was uncovered. A small reduction in the intracavity power followed
before rising to a steady-state value. The measured local minimum in the fundamental
occurred at the same time as the initial measurement of the second harmonic. The
measured second harmonic signal rose until reaching a steady-state value indicating no

further evolution of the pulse was taking place.

The spectrally-resolved pulse formation showed for all pump powers a CW spectral com-
ponent undergoing spectral condensation after lasing onset. The centre wavelength of
the CW spectrum shifts to longer wavelength with increasing pump power. The spectral
components of the pulse begin to form once the spectral condensation has narrowed the
spectrum sufficiently. Whether the spectral condensation is required to form noise spikes
of sufficient energy to begin bleaching the absorber or is an effect of greater magnitude
than the weaker pulse shaping effects is unknown. However, it is clear that the spectral
components associated with the final steady-state pulse spectrum do not begin to form
until spectral condensation has occured. The presence of effects dependent on the laser
spectrum in commencing mode-locked operation are not considered in any of the models
used to predict ML-VECSEL behaviour. As a result it will be necessary to implement

certain aspects of spectral dependence in future models developed.

From the fundamental and second harmonic power transients it was possible to extract
a value for the pulse shortening per round trip as a function of the pump power and
saturation parameter on the absorber. The pulse shortening initially increased for pump
powers in the range 700 - 900 mW before decreasing again. More pump power increases
the carrier density and local temperature, increasing the gain bandwidth. As a result
the spectral filter is reduced and therefore there is less pulse stretching from the gain.
As the pump power is increased there is an increase in intracavity power and hence
saturation parameter on the SESAM. As a result at high pump powers there is a reduced
shortening by the SESAM which serves to reduce the net shortening per round trip. As
the structures had not been fully characterised it is not possible to suggest anything other
than a purely phenomenological description of the effects that alter the pulse shortening.

It will be necessary to extract macroscopic parameters of the structures under test
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to establish the magnitude of pulse shortening from gain and SESAM interactions to

validate the numbers extracted here.

From this small set of results it has not been possible to extract structure parameters
under operating conditions due to the complex and interlinked nature of gain-absorber
interactions. However, they have provided a clear phenomenological illustration of the
mechanisms present in pulse formation in ML-VECSELs. Further experimentation will

hopefully provide a way to disentangle as-yet unmeasured laser parameters.

In order to better understand the dynamics of mode-locking in VECSELs it will be
necessary to perform the experiment detailed in this chapter over a greater number of
ML-VECSELs. By applying this technique to different gain and absorber structures,
and different cavity designs it will be possible to map out the full parameter space of
macroscopic VECSEL parameters. Investigating different pulse durations and output
powers will provide a route to determining mode-locking dynamics present as peak power

increases, and as pulse durations near the de-phasing time-scales of the absorber.

Further modelling will be required to link what has been observed in the experimental
data presented above to theories of pulse formation. Most models considered in this
thesis have lacked any spectral dependence, resulting in assumptions made about the
dynamic present. It will be necessary to consider spectral effects, such as the spectral

profile of the SESAM absorption feature in further models constructed.

Overall, this technique has been demonstrated to be a powerful tool in resolving fun-
damental laser dynamics present in VECSELs. Further work is required to extract
structure parameters under operating conditions. However, it has been used to develop

a phenomenological understanding of pulse formation in ML-VECSELs.



Chapter 6

Experimental Results from
“Short-Microcavity” Gain

Structures

This chapter contains an account of the CW and mode-locked performance of VEC-
SELs built from the new “short-microcavity” gain structure, W728, described in sec-
tion 2.1.1.1. Initially the CW laser characteristics is compared to that of an existing
7.51/2 “long-microcavity” gain structure before moving on to describe the mode-locked
results achieved. Next, I report on the mode-locked performance of a fully processed

“flip-chip” structure, H28, provided by the University of Ulm.

ML-VECSELs with multi-Watt output powers have been limited to pulse durations
longer than 400-fs (Scheller et al. (2012); Wilcox et al. (2013)) and sub-200 fs single-

pulses have been limited to milliwatt average powers (Klopp et al. (2011)).

Klopp et al. (2011) used a processed “flip-chip” dielectric-AR-coated gain structure
with 3 QWs. They reported pulse splitting as the limit of both pulse duration and
output power from the ML-VECSEL. The semiconductor anti-resonant structures used
in this work have a smaller LCF at the design wavelength than the dielectric-AR~coated
structures and therefore have an increased gain saturation energy, allowing higher energy
pulses to be supported in the cavity.

115
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The work in this chapter describes the performance of ML-VECSELSs constructed with
the gain structures introduced in section 2.1.1.1. The “short-microcavity” structures
were designed as a first investigation into the use of a shorter active region to broaden
the gain bandwidth of a semiconductor anti-resonant gain structure to reduce pulse

durations below sub-200 fs.

The gain structures in this chapter were sources from 2 groups. The unprocessed “short-
microcavity” gain structure W728 was grown by I. Farrer at the University of Cambridge.
Fully processed “flip-chip” structures designed for high-average output power mode-
locked operation were provided by the group of Prof. P. Unger at the University of Ulm.
H28, the structure used here was processed and soldered to a diamond submount by A.

Hein.

6.1 Laser Performance Using “Short-Microcavity” Gain

Structures

The design of W728 is described in section 2.1.1.1 and shown in figure 2.7. The active
region was designed with the LCF minimum and QW emission set at 1000 nm. The
structure was grown on a 500-um thick GaAs substrate by MBE at Cambridge Univer-
sity and was unprocessed. The MBE reactors at Cambridge do not use phosphorous,
therefore, it was not possible to include GaP strain compensation layers in the struc-
ture. The dark-line defects resulting from strain-induced relaxation will affect device
performance. However, a pump spot with minimal number of dark-line defects can be

chosen to reduce the loss.

6.1.1 CW Characterisation

The initial test of gain sample performance was to construct a straight cavity to measure
CW average output powers and lasing spectra. W728 was attached to a copper heatsink

with thermally conductive paint and then a 50-mm RoC 0.3% output coupler completed
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the cavity. A fibre-coupled, 830-nm, 2-W diode laser was used to pump a 60-ym radius

spot on the gain structure.

Figure 6.1 (a) shows the measured output power as a function of incident pump power
and heat-sink temperature. The maximum power from the structure at 20 °C was
approximately 185 mW at 1.1 W increasing up to approximately 270 mW for 1.25
W at -5 °C . The laser threshold was approximately 200 mW for all three heat-sink
temperatures. An output coupling of 0.3% resulted in the best CW average output
power; a reduction was observed for output couplers with a higher transmission. As a
comparison, the “long-microcavity” gain structure V629 has a maximum output power
of approximately 280 mW at 20 °C with 0.3% output coupling. The measured output
power has been reduced in proportion to the number of QWs in the gain structure.
Although there is a reduction in output power of W728, when compared with V629,
as the purpose of the structure is for ultrafast operation, average power is a secondary

concern.

Figure 6.1 shows the emission spectrum for three values of incident pump power with a
heatsink temperature of 20 °C . It shows that at the maximum output power recorded
in figure 6.1(a) the peak emission wavelength is approximately 1015 nm. In this wafer
the measured QW photoluminescence peaked at 1015 nm, rather than the designed
1000 nm. The separation of the fringes observed in the emission spectra correspond to
the FSR of a sub-cavity formed by the 500 um thick substrate. Although the operating
wavelength of W728 does not match the design wavelength, it is possible to use heat-sink
temperature to tune the gain emission wavelength to spectrally overlap the absorption

feature of a SESAM used for mode-locking.
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Figure 6.1: (a) Average output power as a function of incident pump power and
heatsink temperature and (b) laser wavelength as a function of pump power for
a CW-VECESL using the unprocessed “short-microcavity” gain structure and
a 0.3% 50 mm RoC output coupler.
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6.1.2 “Short-Microcavity” Mode-Locked Results

With an emission wavelength of approximately 1015 nm, the “short-microcavity” gain
structures operated between the two wavelengths where existing gain samples and SESAMs
work: 1000 nm and 1030 nm. Mode-locking of the “short-microcavity” structures was
therefore attempted with both a 1000-nm and a 1030-nm SESAM. The 1000-nm SESAM,
V628, used was the same reported in the previous chapter. The 1030-nm SESAM used
was A4234, one of the structure characterised in chapter 4. It is important to note
that the work performed here using W728 was completed prior to the characterisation
detailed in chapter 4, and as a result some of the lasers were designed on the assumption
that the SESAM modulation depth was 0.7% and without knowledge of the spectral

profile of the absorption feature or the saturation fluence.

The laser cavity used here was a Z-cavity, of the type shown in figure 2.2, with the
SESAM forming one end mirror of the cavity and a 0.15% output coupler forming the
other. An output coupling of 0.15% was used, less than was applied in CW characteri-
sation, in order to compensate for the introduction of saturable and non-saturable loss
from the SESAM. The mode radius on the gain structure was 60 pm and a focusing fold
mirror was used to set a mode radius on the SESAM of approximately 12 ym giving a
mode-area ratio of approximately 25. Both gain structure and SESAM were mounted
on water-cooled heatsinks with active temperature control provided by Peltier elements.

The overall cavity length of 15 cm corresponded to a repetition of 1 GHz.

6.1.2.1 Mode-Locking with 1000-nm SESAM

The first attempt to mode-lock W728 structure was made with the V628. A CW laser
output centred at 1015 nm was observed for the lowest temperature to which the gain
heatsink could be cooled, -30 °C . In order to mode-lock the laser the SESAM had
to be heated. For SESAM heatsink temperatures up to 70 °C CW lasing was still
observed. As the SESAM heatsink temperature was increased above room temperature

the threshold pump power of the laser increased and the output power decreased from
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approximately 20 mW at room temperature down to 2 mW above 60 °C until the laser

stopped operating for heatsink temperatures above 100 °C .

We assume that V628 has an absorption profile of similar shape to shown for V623 in
figure 4.3(b), only displaced to a shorter wavelength by ~30 nm as the design is the
same. Heating tunes the absorption profiles of the SESAM to a longer wavelength,
increasing the modulation depth seen by the laser. The temperature at which mode-
locking occurred was where the effects from structure parameters such as gain, loss and

dispersion balanced as discussed in chapter 3.

Single pulse mode-locking at an average output power of 2 mW was achieved for a gain
heatsink temperature of -23 °C and a SESAM heatsink temperature of 85 °C and an
incident pump power of 1 W. Figure 6.2 shows an example of the optical spectrum and
intensity autocorrelation of the observed pulses. With a FWHM spectral bandwidth
of 6.2 nm and a FWHM pulse length of 205 fs the pulses were 1.3 times transform
limited. The long wavelength feature present in the spectrum has been observed in
other ML-VECSELSs with pulse durations on the order of, or below, 200-fs (Klopp et al.
(2009, 2011); Quarterman et al. (2009)). As the autocorrelation was pedestal free the
components of the long wavelength feature are assumed to contribute to the pulse.
The mode-locked laser was unstable, with a pulse train visible for less than 30 seconds
making it not possible to measure an RF spectrum and hence determine the repetition
rate precisely. The average power and approximate repetition rate correspond to a pulse

energy of 2 pJ and a peak power of 8.6 W.

The lack of stability observed in this laser could be attributed to the broad gain band-
width of the sample, which allowed operation at wavelengths where values of GDD and
modulation depth did not support stable mode-locked operation. At the highest pump
powers, above 1.4 W, the laser would cease unstable mode-locked operation and jump

to a longer wavelength of 1015 nm in CW operation.

The ability for the laser to operate with a mode-locked spectrum centred at 986 nm and
1015 nm in CW operation indicates a gain structure with a >29 nm gain bandwidth.
Overall, in spite of the large temperature difference required to force overlap of the

gain and SESAM operating wavelength, and the subsequent reduction in output power,
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Figure 6.2: Example of mode-locked results using the 1000 nm SESAM. Figure
(a) shows the autocorrelation of the pulse with a sech? fit giving a pulse length
of 205 fs. Figure (b) shows the spectrum associated with the pulse, centred on
987 nm with a FWHM bandwidth of 6.2 nm.
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the measurement of 200-fs pulses with 1.3 times transform limited indicate that the
overall gain design is suitable to generation of pulses approximately 150 fs in duration
if transform limited. Regrowth of the gain sample with the QWs centred at the correct

wavelength would be required to further test device performance.

6.1.2.2 Mode-Locking with 1030-nm SESAM

To avoid the loss incurred by heating the SESAM we switched to a second saturable
absorber structure designed for 1030 nm; A4234 as described in chapter 4. With A4234
in the cavity and the gain structure heatsink at room temperature it was not possible
to achieve lasing. Cooling of the gain structure was found to be necessary to overcome
the insertion loss of the SESAM. The laser cavity was identical to the one used with the
1000 nm SESAM.

With both the gain and the SESAM heatsink temperatures set to -12 °C  single-pulse
mode-locked operation was observed with an output power of 13 mW, though still with
limited stability. Figure 6.3 shows the autocorrelation and optical spectrum of the mode-
locked output. 260 fs pulses were observed with a spectral bandwidth of 8 nm leading
to pulses that are 2 times transform limited. A long wavelength feature is present in the
optical spectrum, similar to the one observed in the spectrum using V628. It is unclear
whether the spectral feature contributes to the pulse, or is a CW component, however

the presence of a pedestal free autocorrelation indicates the former.

The centre of the spectrum lay at 996 nm, which from the reflectivity measurements in
chapter 4 is approximately 20 nm from the centre of the absorption of the cooled SESAM.
The broadband reflectivity of A4234, shown in figure 4.3, indicates that there was still
saturable absorption of approximately 1% at 996 nm. As both gain and SESAM are
operating far from design wavelength the GDD contribution is a likely source of phase

structure on the pulse leading to the large time bandwidth product.

Using a 1030-nm SESAM rather than the 1000-nm SESAM has, therefore, resulted
in a 6-fold increase in output power, to 13-mW which, at the 1 GHz pulse repetition

frequency, corresponds to a pulse energy of 13 pJ and peak power of 50 W. Although
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Figure 6.3: Example of mode-locked results using the 1030 nm SESAM. Figure
(a) shows the autocorrelation of the pulse with a sech? fit giving a pulse length
of 260 fs. Figure (b) shows the spectrum associated with the pulse, centred on
996 nm with a FWHM bandwidth of 8 nm.
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the pulse duration was increased to 260-fs, the increase in spectral bandwidth indicates
that much shorter pulse, ~ 130 fs, could be supported if the net cavity dispersion were

to be corrected.

Overall, in-spite of the incorrect QW operating wavelength, the initial test of using
a “short-microcavity” structure was promising showing a greater laser bandwidth than
had been shown by any previous structure used in single-pulsed operation. Regrowths of
the structures were pursued to correct the QW wavelength, however, subsequent samples
exhibited much reduced output power in CW operation and as a result mode-locking
was not possible. Technical problems with the MBE growth machines at Cambridge

resulted in further growth being unavailable for a considerable period of time.

6.2 “Flip-Chip” Structure for High Power

As discussed in section 2.2 it is possible to use substrate removal to increase heat ex-
traction from the active region of a VECSEL gain structure to access higher output
powers. Through collaboration with Prof. Unger’s VECSEL group at the University
of Ulm, fully processed “flip-chip” gain structures have been made available. The gain
sample, H28, reported here was processed and soldered to high-conductivity diamond
submounts by A. Hein. The access to fully processed samples allow investigation of
“short-microcavity” gain structures designed for accessing higher average mode-locked

output powers.

6.2.1 “Flip-Chip” Gain Structure Design

Figure 6.4 shows a schematic of the fully-processed, dielectric-AR coated structure used
here. The active region was designed to be resonant with a length of 6A/2 containing
8, 7-nm InGaAs QWs. Two QWs were situated at each anti-node of the electric field
and were spaced by 20-nm of bulk GaAs. GaP layers were included in the structure for
strain compensation. 220-nm of Alp3Gag7As capped the semiconductor active region,
giving resonant enhancement at the design wavelength. The active region was grown on

a 27.5 layer-pair Al 15GaggsAs/GaAs DBR. 160-nm Al,O3 was deposited on the gain
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Figure 6.4: Schematic of a “flip-chip” gain structure. The active region is a 61/2
resonant structure containing 4 pairs of 7-nm thick InGaAs QWs situated at
the anti-node of the electric field. The QWs at each anti-node are separated by
20-nm of bulk GaAs. GaP strain compensation layers are placed between each
QW pair. The active region is grown on a 27.5 layer-pair Aly 15Gag.ssAs/GaAs
DBR. The structure is capped by a 160-nm AlyOj3 layer.

structure; the dielectric coating is used to broaden the LCF and smooth the GDD profile
(Hein et al. (2012)). The LCF and GDD profile of the structure is shown in figure 6.5.

The GDD has very little variation and is close to zero around the design wavelength.

Including 2 QWs at each anti-node is only possible with structures processed for ther-
mal management as the required pump intensity to reach transparency would be suf-
ficiently high to cause local temperature induced loss effects to dominate before lasing
occurred. In a processed structure the inclusion of more QWs, compared the previous
“short-microcavity” structures used above, will provide more gain, allowing higher out-
put powers to be reached. These structures demonstrate the first test of the thermally

managed gain samples from Ulm University..

6.2.2 Mode-Locked Performance of “Flip-Chip” Structures

Gain structures of the above design were provided with design wavelengths of 1010 nm

and 1030 nm. Due to wavelength mismatch with the SESAM no stable mode-locking was
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Figure 6.5: Shows the LCF (blue) and GDD (orange) as a function of wavelength
for the sample design described in figure 6.4.

observed for the 1010-nm structure. This section will detail experimental mode-locked

results from the 1030nm gain structure, H28.

The laser constructed was a V-cavity configuration with a SESAM forming one cavity-
end mirror and a 1.45% 100-mm RoC output coupler forming the other. The gain was
situated in the middle of the cavity. The overall cavity length was 9.4 cm corresponding
to a repetition rate of 1.6 GHz. The heat-sink temperatures were set to be 15 °C for
the gain and 0 °C for the SESAM. A 30-W fibre-coupled 808-nm diode laser was used
to pump a spot with radius of approximately 200 um on the gain. The mode-radius on

the SESAM was approximately 100 um, giving a mode-area ratio of 4.

The SESAM used in this laser was V623, one of the absorbers characterised in chap-
ter 4. Through characterisation V623 was discovered to have the macroscopic properties
suited best to the pursuit of a high-power ML-VECSEL, with the lowest F,:, highest
modulation depth. The centre of the absorption dip was 1030-nm which matched well

to the operating wavelength of H26.

The gain structure was found to have a maximum average output power of 5.2 W for

30 W of incident pump power in CW operation, with a highly-reflective cavity mirror
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replacing the SESAM.

Figure 6.6 shows the measured autocorrelation and spectrum from the laser described
above. The extracted FWHM pulse duration was 193 fs with an 11.8-nm spectral width,
resulting in a pulse that was approximately 2.1 times transform limited. The long wave-
lengths shoulder in the spectrum contributes to the measured FWHM spectral width for
this laser, however, the measurement of a pedestal-free autocorrelation indicates that

the full spectrum contributes to the pulse.

The average output power was initially measured to be 400 mW before decreasing over
the course of several minutes and reaching a steady state of 200 mW. The reduction
in output power is attributed to heating of the SESAM causing increased loss. In CW
operation with a HR in place of the SESAM, no power reduction as a function of time
was observed. At an average power of 400 mW the peak output power of the laser was

approximately 1 KW.

The large transform limit of the optical pulses indicates that phase structure, probably
arising from net cavity dispersion, has extended the duration of the pulse. The gain
structure was designed with close to zero dispersion, although slightly negative at -70
fs?. As mentioned in section 4.1, V623 is a SESAM designed for operation at 1000 nm
that operates at 1030 nm. As can be seen in figure 2.12, at a point 30 nm above the
design wavelength the GDD is approximately -500 fs2. For a pulse duration of 92 fs,
assuming a gaussian pulse profile, a net GDD of -500 fs? will cause a pulse lengthening
of approximately 1.2 fs per pulse-absorber interaction. The 1.2 fs pulse stretching per
round trip is large compared to the weak, = 0.05 fs, pulse shaping that occurs per round
trip that was reported in section 5.3.3. The stretching contribution from the GDD is
sufficient, over many thousands of round trips, to cause the pulse lengthening shown
here. It will be necessary for the next designs of both gain and absorber structures
to ensure that net dispersion is minimised in the cavity, whilst maintaining the device

performance exhibited here.
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6.3 Conclusions and Future Work

In this chapter I have demonstrated the first mode-locked results from new “short-
microcavity” gain structures. The 4.51/2 gain structures contained 4 QWs and were
designed for 1000 nm grown by MBE at Cambridge University. However, due to mis-
calibration of the indium concentration in the QWs the lasing wavelength was approx-
imately 1015 nm. Mode-locking was achieved by temperature tuning the operating
wavelength to overlap with the SESAM wavelength. Attempts were made with two

absorbers, one designed for 1000 nm and one for 1030 nm.

Using the 1000-nm absorber, 205 fs pulses were observed with a spectral bandwidth of
6.2 nm centred at 986 nm, giving pulses that were 1.3 time transform limited. The
output power was limited to 2 mW due to the large SESAM heat-sink temperature
required. When the laser dropped out of mode-locked operation it returned to CW
lasing at 1015 nm. Overall, the large wavelength jump indicates a structure with a very

large intrinsic gain bandwidth.

The 1030-nm SESAM yielded 260-fs pulses with a laser bandwidth of 8 nm, resulting
in pulses twice transform limited. The 996 nm central wavelength was approximately
20 nm from the design of the SESAM and, as a result, there was significant dispersion
contribution from the absorber. Although the pulses were longer, the broader laser
bandwidth indicated gain structures of a similar design would support sub 150 fs pulses.
The increased output power indicates that the gain can support higher energy pulses

than dielectric-AR coated gain structures.

Through collaboration with the University of Ulm, gain structures processed for im-
proved thermal management were investigated. The gain samples were designed as a
first attempt at performing high-power mode-locking and consisted of a 61/2 active re-
gion with 4 pairs of QWs at the electric field anti-notes. The structure was capped by a
dielectric-AR AlyOg layer. The gain structure was mode-locked with V623, the SESAM
identified by the characterisation work in chapter 4 as the best suited for high-power

operation at 1030 nm.
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The measured pulses had a FWHM duration of 193 fs and a FWHM spectral bandwidth
of 11.8 nm. The pulses were approximately two times transform limited. The average
output power was initially 400 mW before decaying to a steady-state value of 200 mW.
The reduction of laser performance was due to thermally induced loss in the SESAM.

At the average power of 400 mW the peak power was 1 KW, representing the first result
KW-level peak power from a ML-VECSEL with a sub-200 fs pulse duration.

In order to reduce thermal effects, improved heat extraction from the absorber must
be implemented in further structure designs. The surface-recombination design makes
substrate removal difficult to implement due to the need to stop the etch on the 2-nm
GaAs capping layer. Use of an intracavity heat-spreader may be preferable, however,
dispersion, loss, and spectral filtering from the inserted material must be taken into

account.

The prevalence of chirped pulses shown in this chapter means that better characterisation
of optical pulses is required. Frequency-resolved-optical grating (FROG) measurements
will allow the extraction of the spectral phase across the optical spectrum allowing

analysis of the dispersion properties of the laser cavity.

Further structure designs will be pursued to optimize net cavity dispersion through con-
tributions from gain and absorber. It has been made clear from the work presented here
that the use of absorbers not carefully designed to spectrally match the gain structures
used has led to pulses with large transform limits or limited stability. Future designs
will also compare the performance between dielectric-AR coated and semiconductor

anti-resonant structures optimised for high-power operation.

It will also be necessary to perform characterisation of gain structures, as reported
by Mangold et al. (2012), to provide full comparison of the effect of altering design
parameters. Optimisation of gain structure designs will be necessary to pursue pulse

durations towards 100-fs.

Overall, the structures used here have shown promise for the realisation of a Watt-level
ML-VECSEL with pulse durations below 200-fs. Although, further structure designs

and full characterisation will be required to reach that goal.
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Conclusions

The work presented in this thesis has demonstrated use of characterisation techniques
and design of structures to realise high-power ultrafast ML-VECSELSs, and represents a
significant advance in reaching the device performance required for ML-VECSELs to be

a practical source for applications.

An investigation into characterising the macroscopic structure parameters of three surface-
recombination SESAMs was performed. Extracted values of saturation fluence were on
the order of 10 pJ/cm?, five times less than “low-modulation depth” designs initially
characterised by R. Grange in 2005. The reduction in saturation fluence allowed the
mode-area ratio constraints to be relaxed for mode-locked operation. As a result, I have
demonstrated a ML-VECSEL with a 2:1 mode-area ratio between gain and SESAM; the
smallest reported mode-area ratio using a surface-recombination SESAM. A low-area
ratio is useful to avoid thermally induced damage as VECSEL performance is scaled to

high average output powers.

The modulation depths of the SESAMs under investigation was reported by Wilcox
et al. (2008) to be 0.7%, however, when measured was determined to be >2% for all
three structures. The measured modulation depth and saturation fluence coincide with
the values reported by Sieber et al. (2013) for the development of a 1-W 200-fs ML-
VECSEL. As a result the surface-recombination SESAMs characterised seem well suited

to the development of a high-power ultrafast ML-VECSEL. The response time of the
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absorbers was measured to be less than 10 ps, with the measurement resolution limited
by the temporal width of the pump and probe pulse used. A response time of this
magnitude means the absorbers will be well suited to mode-locked operation at very

high GHz repetition rates.

I have demonstrated for the first time spectrally-resolved pulse formation in ML-VECSELs.
The measurements of the fundamental and second harmonic power transients alongside
the fundamental spectral evolution has allowed us to establish a phenomenological model
of pulse formation. The detection of a CW spectral component dominating the pulse
formation in early times after lasing onset has lead us to the conclusion that the as-
sumption of monochromatic light made by current predictive models is insufficient to
simulate real-world mode-locking dynamics. Further experiments will be required to
investigate pulse formation over a range of powers, pulse durations, and structure de-
signs. It was not possible to extract laser parameters under operating conditions due
to the complex and interlinked nature of gain-absorber interactions. As a result, more
sophisticated modelling and fully characterised structures will be required to consolidate

the experimental results acquired here with theories of pulse formation.

The mode-locked performance of new gain structure designs has also been presented.
A 4.5)/2 “short-microcavity” gain structure grown at the university of Cambridge was
investigated as a route towards sub-200 fs pulse duration with higher pulse energy than
reported in literature at the time. Growth errors caused the laser to operate at a
wavelength 15 nm longer than the design wavelength. A FWHM pulse duration of 205
fs was achieved using a SESAM designed for 1000-nm with 3 mW of average output
power. 260-fs pulses that were twice transform limited were obtained using a SESAM
designed for 1030 nm with an increased power of 13 mW. Although sub-200 fs operation
was not achieved the broad laser bandwidth of the 260-fs pulses suggested that shorter

pulses could be supported with correct structure growth.

Processed gain structures designed for high-power ultrafast operation were provided by
the University of Ulm. When mode-locked, 193-fs pulses with initially 400 mW average
power were achieved. The average power after mode-locking onset decayed to a steady-

state 200 mW over a minute long timescale. The decay in output power is attributed
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to the heating of the SESAM, and as a result it will be necessary to implement thermal
management of the absorber structures. At 400 mW the laser had a peak power of 1
KW, which is the highest peak power reported to date for a laser with sub-200 fs pulse

duration.

7.1 Future Work

In order to reach the, rather strict, requirements on laser performance for ML-VECSELSs
to be a competitive source, particularly for the generation of coherent octave-spanning
supercontinuum, certain aspects must be improved upon. Although this work has
demonstrated significant advances in performance at sub-200 fs pulse durations, im-

provements in average power and pulse duration are still required.

One of the limits in average output power seen in this work was thermally induced
loss in the absorber structures. Processing of surface-recombination SESAMs presents
a difficult technological challenge as any wet-chemical etching must stop on the 2-nm
capping layer or risk seriously affecting device performance. Characterisation of the
surface-recombination SESAM structures has shown that they are well suited to high-
power ultrafast performance, although further structure designs will be investigated to
further optimise the macroscopic parameters, for example the use of dielectric coatings

to smooth the dispersion profile.

The gain structures used in this thesis have demonstrated a sufficient gain bandwidth
to support pulses approaching 100-fs in pulse duration. Full characterisation of the gain
structures will be required to make informed decisions about further structure designs.
Of particular interest is the magnitude of gain saturation energy, which has not been
measured for semiconductor anti-resonant structures, and is known to be a limiting

factor in the pursuit of high average power ML-VECSELSs.

Improved characterisation of the structures will allow the pulse formation dynamics that
I have observed in this thesis to be fully investigated. Known parameters will allow a full
exploration of the effect of macroscopic laser parameters on the ML-VECSEL output

and the overall laser stability. It will also be possible to investigate the presence of
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any fast-recombination pulse shaping effects present in the formation of pulses using
high-power ultrafast ML-VECSELs; effects that have been theorised to exist but never

experimentally verified.

Although current ML-VECSEL performance does not meet the strict requirements for
supercontinuum generation, it is now sufficient for other applications. One of interest is
providing a compact source for broadband THz radiation. An initial report by Mihoubi
et al. (2008) demonstrated a ML-VECSEL capable of driving only the generation scheme
of a THz-time-domain-setup (THz-TDS). With recent advances in peak output power
a compact THz-TDS with detection and generation driven by a tunable repetition-rate
VECSEL employing optical sampling by cavity tuning (OSCAT) (Hochrein et al. (2010))

as the variable delay line.
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