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Chapter 1 Introduction

Chapter 1 INTRODUCTION

An important milestone of optics is the demonstration of the first laser emission in
1960 by T. Maiman at the Hughes Research Laboratory in California [1]. Subsequently,
several types of lasers have been developed, such as solid-state, semiconductor, gas and
dye lasers. Today, the progress in laser is being driven by the explosion of wide-range
applications in communication, industry, medicine, military operations, and scientific
research. Each of these applications needs its laser system with suitable properties. For
example, optical fiber communication [2], a major application that enables modern
Internet, commonly requires lasers with emission wavelengths in the 1.55 pm low-loss
band of glass fibers and with single-transverse mode output beams for coupling into
single-mode optical fibers.

Lasers generating short pulses have also enabled many applications in science and
technology. Numerous laboratory experiments have confirmed that short laser pulses can
significantly improve existing applications, for example increase telecommunication data
rates [3] and improve computer interconnects [4], or the optical clocking of
microprocessors [5-6]. Today, telecommunication systems rely on directly modulated
continuous-wave semiconductor lasers. With the combination of wavelength division
multiplexing (WDM) technology, transmission rates of more than 1Tbit/s have been
demonstrated. Ultrafast lasers can be used as pulse sources in the telecommunication
system, rather than shaping the pulses by modulator. The short pulse durations, high peak
power, wide spectral bandwidth and low timing jitter translate into simplified
synchronization and improved receiver sensitivity [7-8]. Optical analog-to-digital
conversion is another application of short optical pulses. Short pulses perform the
sampling of an optical signal in a non-linear medium to avoid requiring a very fast
photodetector [9]. Another type of sampling that requires short pulses is pump-probe
measurements where a medium’s response to an optical excitation is probed by another

pulse.



Chapter 1 Introduction

In this thesis, we discuss an approach for generating short pulses from a passively
mode-locked optically-pumped vertical external-cavity surface-emitting laser (VECSEL).
This chapter firstly describes the configuration of optically-pumped VECSELs and their
key advantageous properties, such as power scaling, beam quality, and wavelength
versatility. Through an overview of the approaches to generate short pulses in
telecommunication window (1.3pum-1.55um), the motivation for this thesis is established.

Finally, the structure of the thesis is outlined.

1.1 WHAT IS AN OP-VECSEL

An OP-VECSEL is a type of laser which may be considered as a hybrid system
between semiconductor laser and solid state laser. It allows to combine the respective
advantages of both laser families: high power operation with a good beam quality, and
wavelength versatility. Fig. 1.1 shows the basic configuration of an OP-VECSEL
presented by M. Kuznetsov in his book [10]. The laser cavity consists of the back mirror
of a semiconductor chip and an external spherical mirror, which defines the laser
transverse mode and also serves as the output coupler. The semiconductor chip, which
contains a multilayer high-reflectivity mirror, the active region, and an additional top
phase layer, is mounted on a heatsink and is excited by an incident pump beam.

Looking at the configuration sketched in Fig. 1.1, an OP-VECSEL can be thought of
as a solid state laser, where the semiconductor gain medium replaces the traditional active
ions in a transparent host material. Thus the most important benefit of VECSEL is its
wavelength versatility in contrast to other solid state lasers. Compound semiconductor
materials indeed have different bandgap energies, and thus different photon emission

wavelengths for different material compositions.
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Uniput Beam

Coupller

Figure 1.1 Optically pumped semiconductor vertical-external-cavity surface-emitting laser (OP-
VECSEL).

Fine bandgap engineering is moreover possible from quantum wells (QWs) photon-
emitting layers (by controlling the QW thickness or QW strain, ...), which also allows for
controlling the emission wavelength. The expitaxial growth of ternary, quaternary, and
even quinary semiconductor alloys has been developed by Molecular beam epitaxy
(MBE) or Metalorganic vapour phase epitaxy (MOVPE). Direct bandgap semiconductor
materials offer today a wide range of emission wavelength, which extend from ~400 nm
to ~2.5 um [11], as shown in Fig. 1.2. Direct bandgap semiconductor material systems
are generally formed from elements of the groups LIl and V of the periodic table and
cover the near infrared wavelength range (NIR) from 800 nm up to 1.65 pm. Starting
from a GaAs substrate the short wavelength range of the NIR spectrum can be covered by
using different GaAs based semiconductor components: AlGaAs (800 to 870 nm)[12],
InGaAs (870 to about 1150 nm)[13-16], GalnNAs (1.1 to 1.3 pum, with some
demonstration up to 1.5 um) [17]. InP-based material system using quaternary alloys
(InGaAsP, InGaAlAs) allows the lasers to access the 1300-1650 nm optical fiber
communication wavelength region [18-20]. More recently, surface emitting

semiconductor lasers emitting in the UV (~ 400 nm) using GaN-based material [21], and
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in the mid-infrared (~2.5 pm) using GalnAsSb-based materials have been demonstrated
[22]. Furthermore, group IV-VI semiconductor PbTe/PbEuTe and PbSe/PbEuTe-based

material systems have been used in the recent years to demonstrate VECSELSs in the 4.5-

5 um wavelength range [23-24].
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Figure 1.2 Bandgap energy as a function of lattice constant for different III-V semiconductor alloys at
room temperature. The solid lines indicate a direct bandgap, whereas the dashed lines indicate an

indirect bandgap (Si and Ge are also added to the figure).

Having a look at the state of the art of semiconductor lasers, it appears that obtaining
simultaneously high output power (beyond hundred(s) of milliwats) and good beam
quality (single transverse mode, nearly circular symmetric beam) is quite difficult. Since
the output power of semiconductor lasers is typically limited by heat dissipation, and by
optical intensity induced damage, power scaling with semiconductor lasers requires
increasing the beam diameter in order to distribute the heat and the optical power over
large area. Edge emitting lasers confine the light to the plane of the semiconductor chip
with a waveguide and emit light from the edge of the chip. Single-transverse mode
operation requires that the waveguide dimension is not larger than one by several microns
depending on the emission wavelength. This configuration results in an asymmetric laser

beam with strong angular divergence, while the output power is limited by the small
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dimension. If the waveguide is enlarged up to tens to hundreds of micrometers, the laser
can emit tens of watts of output power, but the waveguide is then highly multimode, and
the output beam is significantly elongated with a large aspect ratio, ~100:1 [25-26].
While the edge emitting laser cannot easily provide watt-level output power with circular
output beam, in contrast, vertical-cavity surface-emitting laser (VCSEL) with circular
cross section, keep the output beam symmetrical and with a smaller divergence.
Monolithic VCSEL (forming a short plane-plane optical cavity) can emit near circular
single transverse mode beam with output powers up to several milliwatts, and with beam
waist of several microns [10, 27-28]. To scale up the output power, a larger active region
is required, but the laser beam quickly becomes multimode for output diameters greater
than ~ 10 pum. In order to maintain a good beam quality with single transverse mode
operation, a strong transverse mode control should be provided by the optical cavity. For
this purpose, additional elements have to be added (external to the monolithic
semiconductor chip), that will ensure that the size of the stable fundamental transverse
mode of the optical resonator correctly matches the size of the gain region. Thus, the
vertical-external-cavity surface-emitting laser (VECSEL) was invented: an external
spherical mirror was used to stabilize the transverse mode of surface-emitting laser [10].

For typical VECSEL beam diameter beyond tens of microns, injecting carriers
uniformly across such a wide gain area is difficult in the traditional diode current
injection scheme [27]. The highly-doped semiconductor spreading layer, generally added
in the diode structure in order to favor homogeneous injection, will degrade laser
threshold and laser efficiency because of significant free carrier absorption. In contrast,
optical pumping can allow for injecting and exciting carriers uniformly across a wide
area without using doped regions leading to intra-cavity loss. Moreover, compact, low-
cost, multimode, high-power semiconductor diode lasers have been developed at many
wavelengths and are now commercially available to be used as optical pump.

In short, optically-pumped VECSELSs can convert the high pump power of fairly low-

cost, low-beam-quality, compact laser diode bars, with a good efficiency, into a near-
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diffraction-limited output beam with in wavelength regions which are not covered by
established solid-state laser gain materials. The first OP-VECSEL, consisting of strain-
compensated InGaAs-GaAsP-GaAs multi quantum-well (MQW), and operating
continuous-wave (CW) near 1004 nm with output 0.52 W in a TEMOO mode, was
reported by M. Kuznetsov et al. in 1997 [29]. After this pioneering work, OP-VECSELs
have been demonstrated with output power ranging from 20 mW to 20 W in a
fundamental transverse mode, which is substantially higher than from any other type of
semiconductor laser. Moreover, additional elements can be inserted in the external intra-
cavity such as non-linear optical elements to realize special functions. In particular, the
combination of the high intra-cavity power with non-linear elements allows for realizing
optical functions such as frequency conversion [30], or passive mode-locking for ultra-
short pulse generation [31].

For passive mode-locking, a fast saturable absorber has to be inserted in the cavity.
The main breakthrough in the field was the invention of the semiconductor saturable
absorber mirror (SESAM) by U. Keller when she was at Bell lab in 1992 [32]. SESAM is
a very important part of passively mode-locked VECSEL, and will be further described in
chapter 3. The first mode-locked VECSEL was demonstrated in the 0.8-1 um range, from
a GaAs-based gain chip, and a GaAs-based SESAM. Today, the performance of such
pulse sources in terms of peak power, pulse duration and spectral bandwidth, open the
route towards application such as frequency comb generation for metrology applications
[33] and bio-imaging with the mode-locked VECSEL replacing the bulk and costly
Titanium:Sapphire laser [34].

Following the very good performances obtained from GaAs-based VECSELSs, the
mode-locked VECSEL concept has been extended to other material systems and other
wavelengths. The PHOTEL group was involved in the development of optical short-pulse

source around 1.55 pm, and an overview of the state of the art is given in the next section.



Chapter 1 Introduction

1.2 SHORT PULSE GENERATION FROM MODE-LOCKED OP-VECSELS

Laser sources emitting short pulses are now widely employed in many scientific
applications such as waveform measurement, time-resolved spectroscopy, frequency
combs, optical interconnection and ultra-high capacity telecommunication systems.

Telecom transmission systems at 40 GHz, 80 GHz and beyond, have been the main
driving force for the development of short pulse sources at 1.55 um in the past years. As
an example for optical time-division multiplexing (OTDM) system, the key requirement
for the pulse source inside the transmitter is to generate sufficiently short pulses, so they
can be interleaved with little overlap. From the view of modulation formats, short pulses
are referred to as return-to-zero (RZ) formats. Compared to non-return-to-zero (NRZ)
modulation format, the RZ format was introduced because it was found to be more
tolerant to dispersion and nonlinearities in fiber and was therefore advantageous for high
speed and long range systems [35]. When optical pulses are used to transmit information
in a telecommunication system, the strain of optical data is formed by the concatenation
of a number of optical pulses, each pulse representing one data bit. Data transmission in
RZ format at bit rate exceeding 100 Gbit/s can be performed, if short pulses (<1 ps for
100 Gbit/s) can be generated from the transmitter.

Another application of short pulse optical source at 1.55 um is optical sampling and
optical gating. Optical clocks are required for time de-multiplexing of OTDM signal in
the optical domain, or for analog-to-digital conversion in the optical domain.

Fast optical gates are also required to analyze high-bit-rate optical signals.
Conventional measurement systems detect the optical signal with a photodetector and
measure the temporal variation of the detected photocurrent using an oscilloscope. The
temporal response time of the photodetector and the bandwidth of the oscilloscope limit
the pulse width that can be measured using this technique. Using an electrical sampling
oscilloscope and the fastest photodetectors available today, the overall bandwidth of such
measurement system is about 65-70 GHz [36-37]. This bandwidth allows for measuring

optical data signals with optical pulses down to a pulse width of few ps. The
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characterization bottleneck appears when shorter pulses are used in a transmission system
at higher bit rate. Optical sampling is a promising approach to overcome this limit by
moving the actual sampling process from the electrical to the optical domain. In an
optical sampling system, the optical signal is sampled in the optical domain by an optical
sampling gate and afterwards the resulting samples are converted to an electrical signal
and detected. One main advantages brought by optics is to avoid the need for very high
bandwidth electronics. Moreover, the optical bandwidth of the measurement instrument is
only limited by the optical sampling gate used.

Several options are possible for the generation of short pulses in the telecom window
(1.3 pm-1.55 pm). They show different advantages in terms of pulse energy, timing jitter,
repetition rate, and tunability of the repetition rate. To date, multi-gigahertz pulse sources
have involved an edge-emitting semiconductor laser, which is usually either actively or
hybridly mode-locked. Typically, the same epitaxial layer forms both the gain (with a
forward-biased section) and the saturable absorber (with a reverse-biased section) in
ultrafast edge-emitting semiconductor lasers. Such mode-locked edge emitting lasers are
attractive because they are compact and potentially integratable with other photonic
devices on a single chip. The first monolithic mode-locked edge emitting laser used
quantum wells in the active region. Very stable pulse trains at 40 GHz to 80 GHz
repetition frequency, and the pulse width of 1 ps to 2 ps have been demonstrated, for
example by HHI (Germany) from MQW multi-section edge emitting lasers [38]. More
recently, it has been shown that quantum dots (QD) are promising candidates for the
fabrication of self-pulsing and mode-locked edge emitting lasers at 1.55 um. As an
example, the PHOTEL group at LPN demonstrated pulse generation at this wavelength
from a two sections laser at a very high repetition frequency (346 GHz), based on passive
mode-locking mechanism [39]. Unfortunately, it appears difficult to achieve high average
power from such lasers, while keeping good passive mode-locking performances. The
typical average output power from mode-locked QD edge emitting lasers at 1.55um is in

the uW range. In addition, owing to the geometry of such edge emitting lasers, the profile
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of the emitted beam is strongly asymmetric, as discussed earlier. It is also quite
challenging to fabricate a monolithic edge-emitting laser with a very precise pulse
repetition rate, because a very precise control of cavity length is difficult.

Diode-pumped fiber pulse lasers have been developed and offer excellent
performance. Actively mode-locked erbium doped fiber lasers with long, dispersion-
compensated cavity have produced harmonically mode-locked pulses used in 1.28 Tbit/s
ODTM systems [40]. However, multi-gigahertz fiber lasers require sophisticated means
to obtain stable harmonic mode-locking because they have many pulses in the long fiber
cavity. Additionally, individual pulses generated by harmonic mode-locking do not
necessarily exhibit a fixed phase relation. This excludes promising and important
modulation formats such as return-to-zero differential phase shift keying [41-42].

Two other interesting kinds of pulse lasers are based on passive mode-locking
mechanism: passively mode-locked solid state laser and passively mode-locked
VECSEL. Passive mode-locking means that the pulses are generated without using any
expensive multi-gigahertz electronics. In addition, in contrast to fiber-based laser
mentioned above, the pulses may originate from fundamental mode-locking even at
multi-GHz rate. Thus, every output pulse is a copy of the same single pulse, which travels
back and forth in the cavity. Therefore, pulse-to-pulse variations are minimized and the
phase of the pulses is constant. As for the repetition frequency tunability, the external
cavity laser allows for tuning the repetition rate of pulses mechanically by adjusting the
cavity length. Monolithic lasers and fiber based laser have a more limited tuning range
because the change in cavity length is induced by a change of refractive index. In the
telecom wavelength ranges, where only a few solid-state gain media are available, it was
not initially possible to demonstrate multi-GHz pulse repetition rates. However with
improved SESAM designs, full C-band tuning [43] and pulse repetition rates up to 100
GHz [44] have been demonstrated with a diode-pumped laser built on Er:Yb:glass
crystal. At 1.3 pm, both Nd:YLF [45] and Nd:YVO4 [46] have been passively mode-

locked at GHz repetition rates. Passively mode-locked OP-VECSEL have a number of
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compelling advantages compared to ultrafast solid state laser: the lasing wavelength can
be engineered over a broad range by choosing the right material composition. Since
VECSELs are semiconductor lasers, the integration of a semiconductor saturable
absorber with the gain structure in a single chip to develop more compact cavity design is
in principle possible. Indeed, such a monolithic gain-absorber chip called MIXSEL, has
been demonstrated in the GaAs material system by the group of U. Keller at ETH-Ziirich
[47]. Optical pumping was used in the first experiment, but electrical pumping is
compatible with the MIXSEL concept.

The first passively mode-locked OP-VECSEL was demonstrated in 2000 [48], by S.
Hoogland et al. in Anne Tropper’s group at University of Southampton. They obtained
21.6 mW average output power and 22-ps pulses with a repetition rate of 4 GHz. The
VECSEL was grown on GaAs and emitted at 1030 nm. In the following years, large
progress in output power and pulse duration has been made. To date, ultrafast VECSELs
have been successfully reported with average output powers of up to 6.4 W [49], pulse
repetition rates of up to 50 GHz [50] and pulse durations down to 60 fs [51]. All these
lasers had diffraction-limited, circular output beams. Repetition rate tuning from 1 GHz
to 26 GHz has also been demonstrated [52]. Most of these results have been obtained in
the 1 um spectral region, with a GaAs-based material. Progress towards ultrashort pulse
generation at longer wavelength (up to the 1.55 pm window) was more difficult because
of the lack of fast SESAMs at this wavelength, and also because of the low power
performance of the gain chip mainly due to the bad thermal behaviors of quaternary InP-
based semiconductor compounds. The first report on 1.55 pm mode-locked VECSEL was
published by H. Lindberg in 2005, the temperature of operation was lower than -20 °C
[53].

10
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1.3 CONTENTS

When this PhD work started in November 2009, a first mode-locked VECSEL at
1.55pum had been demonstrated at LPN, generating ~ 2 ps pulses at a repetition frequency
of 2 GHz [54].

Starting from this achievement, the main objective of the present PhD work was to
optimize the mode-locked VECSEL for shorter (<1 ps) pulse generation, which requires
efficient heat dissipation in the OP-VECSEL on one hand, and a fast SESAM on the
other hand.

In the first part of this thesis, I will focus on the thermal management of the VECSEL
chip including design, fabrication and characterization. A downward heat dissipation
approach was employed in this thesis to avoid unwanted etalon effect of intracavity
heatspreader. CoMsoL simulations have been carried out to investigate the downward
heat dissipation scheme, and to estimate the temperature rise in the active region as a
function of pump power. It is concluded that the thermal impedance of the bottom mirror
and substrate are of paramount importance in the downward heat sinking approach. A
hybrid metal-Bragg GaAs/AlAs mirror has been chosen as the bottom reflector in the
VECSEL chip. In order to integrate such a mirror with the InP-based semiconductor
active region emitting at 1.55 pm, both the metamorphic growth and the wafer fusion
approaches have been used. Chemical Vapour Deposition (CVD)-diamond substrate has
the best thermal performance due to its thermal conductivity up to 2000 W/(K*m) and
was firstly selected as a bottom substrate in our devices. However CVD diamond
substrate is costly and is not easily processed (dicing or thinning is difficult), which
presents some limitations for future electrically-pumped version of VECSEL chips or for
chip packaging. An alternative cost-effective and more flexible solution for the device
substrate has therefore been investigated. VECSELSs based on metallic host substrates
have been fabricated, and the thermal performances of VECSELs with different
substrates have been compared experimentally. We have demonstrated that copper

electro-plating may be a good solution to replace CVD-diamond substrate for the
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fabrication of 1.55 um VECSELSs. In order to maximize the output power and to enhance
the laser external efficiency, the external cavity design has been optimized, mainly by a
good matching between the pump spot and the cavity mode, and by an adequate selection
of the output coupler mirror.

The second part of this thesis is focused on dispersion control in the SESAM with the
goal of achieving sub-picosecond short pulses in passive mode-locking regime. The
SESAM structure is based on GaAs and comprises InGaAsNSb QWs surrounded by
GaAsN planes for fast absorption recovery time [55]. In order to tune the dispersion of
the SESAM microcavity, we have grown specific SESAM structures with top phase
layers of GaAs and Aly;Gag3As grown alternatively on top of the absorbing region. The
phase layers could be etched selectively, so that the group delay dispersion (GDD)
introduced by the SESAM could be tuned step by step. The influence of the overall
intracavity GDD on the mode-locked pulse width has been experimentally explored in
this way. Using a pump-probe setup, we were able to perform a systematic analysis of the
nonlinear reflectivity and carrier recovery time of the different fabricated SESAMs. The
first proof-of-principle experiment showed that the concept of GDD management is
working, and that the pulse width can be reduced from several picoseconds to less than 1
ps when the resonance and GDD of the SESAM microcavity is correctly adapted.

The thesis is organized as follows: in this introduction chapter 1, passively mode-
locked OP-VCSEL device development has been motivated and an overview of different
short pulses sources and applications has been presented. Chapter 2 focuses on the
design, fabrication and characterization of optically-pumped VECSELSs, with a particular
emphasis on the thermal management. Chapter 3 discusses our development of dispersion
managed SESAMs for mode-locking. In Chapter 4, we present the mode-locking
experiments with the thermally-optimized VECSEL chip assembled with the different
dispersion-managed SESAMs. Finally, Chapter 5 contains the conclusions and a brief

outlook.
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Chapter 2 OPTICALLY-PUMPED VECSEL

Optically pumped Vertical-external-cavity surface-emitting lasers (VECSELs) were
developed in the mid-1990s [1, 2] to overcome a key problem with conventional
semiconductor lasers: how to generate watt-level and higher optical powers with
fundamental transverse mode circular optical beam quality. Researchers at ETH have
demonstrated an optically pumped VECSEL generating more than 20 W of continuous
wave (CW) output power in a fundamental transverse mode with spatial quality
parameter M, of 1.1 (a single-transverse mode diffraction-limited beam has M,=1) at 960
nm [3]. Moreover, the external cavity gives tremendous versatility to VECSEL device
configurations and functions, allowing for the insertion of intracavity optical elements in
order to realize specific functions such as passive mode-locking or frequency doubling.

In section 2.1, we present the VECSEL principle and some optical modeling. In
section 2.2, we show the VECSEL structures and we discuss the design of each part. In
section 2.3, we present an analytical model and simulation for the temperature elevation,
and we discuss the impact of the bottom Distributed Bragg Reflector (DBR) and the host
substrate. The VECSEL device fabrication is described in section 2.4. We give an
introduction to the different characterization methods in section 2.5. Finally, we show the
plane-concave cavity design in section 2.6, and the characterization results of our

VECSELS: in the cavity are given in section 2.7.

2.1 OPTICAL MODELING

A VECSEL chip is formed by a stack of semiconductor thin layers. The
semiconductor chip consists of two sections: a highly reflecting mirror, and the active
region. The basic operating principles of VECSEL lasers are illustrated in Fig. 2.1. It
shows the conduction and valence band energy levels across the semiconductor layers

and explains the functions of the various layers.
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The highly-reflecting (HR) mirror incorporates a periodic quarter-wave stack of
layers of alternating high and low refractive index. Such a distributed Bragg mirror
(DBR) acts as a HR plane cavity mirror. In front of the DBR is the active region, which is
typically a few half wavelengths in thickness, and contains quantum wells. When a pump
laser is focused on the surface, the semiconductor chip absorbs the pump light and
converts it into desired laser light.

The optical wave of the laser mode, back-reflecting from the DBR, sets up a standing
wave inside the chip due to the microcavity effect. Quantum wells (QWs) have to be
placed near the antinodes of this standing wave in order to provide efficient gain to the
laser. Typically, the gain region spreads over several periods of this standing wave.

The properties of a VECSEL are determined both by the design of the semiconductor
quantum wells, and by the design of the microcavity in which they are embedded. In this
thesis, we use a well known transfer matrix algorithm to analyze the electrical field inside
and outside of the multilayer structures. The algorithm resulted in a flexible program used

to design, analyze and characterize VECSEL multilayer structures.

Conduction band

Laser optical
standing wave

Multilayer MA> m==)> Laser
Bragg mirror Epump Ejaser
. <== Pump
Quantum T s rf)'
wells uriace
Pump barrier
absorbing
region
Valence band
- { -
Semiconductor Air

Figure 2.1 operation principle of optically pumped VECSEL[4]
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2.1.1 Matrix algorithm for dielectric multilayers structures

o) 3 q 5 ml m mntl
Iy Iz g T4 Ils = = = = Tg—1 | g Ty Il
tubztrate
di de dy dy  ds -1 dn du

Figure2.2 Configuration of multilayer structure

The multilayer structure (in our case the VECSEL structure) contains N layers with

refractive indices n and thicknesses d ;- The incident medium on top is air, with

refractive index n,. The bottom layer is the substrate with refractive index ng and is

considered as the emergent medium in the calculation. Let’s suppose that the light beam

is incident from incident medium to the VECSEL surface with an angle of incidence 6.

The interface between incident medium and VECSEL is interface 1, and the following
interface in the VECSEL chip are 2, 3, 4...m-1, m, m+1,....
If the input light beam is (E, H), according to Maxwell equation, one can get the

relation between electric filed and magnetic field:

—

VXE:—Iua— @.1)
t

where p is the permeability of the medium.
When we consider the electromagnetic field wave having angular frequency ®

propagating in the z-axis , the electric and magnetic fields can be expressed as
E.(z) = E expli(@t —y2)] 2.2)

H,(2) = H expli(or — 12)] 2.3)
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where }; is the complex propagation constant, X denotes the axis in the plane
perpendicular to the z-axis. Substituting Equation (2.2) and (2.3) into Equation (2.1), we

can get the magnetic field along the z-axis:

1
H (=Y E()="E () (2.4)
wu n
We note Y:l as the optical admittance of the medium. In a non-magnetic

medium, Y =N =n—ik , where n is the refractive index and k is the extinction

coefficient.

E+ H:z 1_1;1 E_ nm

On |On

, , >

- n X
Hm+ © m(© N HWH'I

E .| E

I -
\
E, 0.0 . E Dm+1
m+1

v Z
Figure 2.3 TE mode light transfer in VECSEL

Two different linear polarizations of a plane wave incident to the VECSEL surface
can be considered. Electric field perpendicular to incident plane is S-polarization (TE
mode), and the other one is P-Polarization with magnetic field perpendicular to incident
plane (TM mode).

Fig. 2.3 shows the incident, reflected and transmitted electrical field at the (m+1)-th

interface between m-th and (m+1)-th layer, for the case of a TE polarized incident plane
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wave. 0 and O, , are the angles of incidence at the (m+1)-th and (m+2)-th interface

m+1

respectively. At the (m+1)-th interface we can write the boundary conditions:

E'+E =E/'

L t+E (2.5)
(H!+H)-cosf, =(H' +H,_ )coséb,,, (2.6)

Combining Equation (2.4) and Equation (2.6), we obtain:
Y, -cos@, -(El—E)=Y  -cos@ -(E' —E ) (2.7)

Combining Equation (2.5) and Equation (2.7), and writing them into a matrix form,

the boundary conditions are expressed as:

1 1 E; 1 1 E,
e . ',”j‘ (2.8)
Ym COs Hm - Ym COs Hm Em m+l COs Herl m+l COs 6m+l m+l

Similar to the TE mode, we can express the boundary conditions for the TM mode at

the (m+1)-th interface as follows:

cosg, cosd, | |E, | |cosd,,, cosb,,, E', (2.9)
Ym _Ym E, - Ym+1 _Ym+1 E;:+1 .

m

The field amplitudes ( E, and E, ) on one side at (m+1)-th interface are related to the

corresponding field amplitudes on the other-hand (E',, and E_ ), written as:

E+ E'+
e
Em Em+1

where V_ is called dynamical matrix [5]. For TE mode and TM mode, V,_ is given in

different expressions:

1 1
For TE mode vV, = 2.11)
Y cos8, -Y cos@,
cos@, cosé,
For TM mode V, = v v (2.12)
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From Equation (2.5) to (2.10), we get the electric field transform at the interface of
two adjacent layers.
The time-independent part of the electrical field introduced in Equation (2.2) can be

expressed in the (m+1)-th layer at (m+1)-th interface as:

E, ., =E,exp(=iyz,,,) (2.13)

'

E;\ = Eexpiyz,.) - (2.14)

while the electric field in the (m+1)-th layer at the (m+2)-th interface is written as:
Er:+1 = Eyexp(-i Y z,,,) = E,exp[-i ¥(z,,, +d,.)] (2.15)

E,.. =Eyexpliyz,,)=Eexpliy(z,, +d,.)] . (2.16)

So we can get the electric field transform in the (m+1) layer:

E., =E., expl-iyd,,] (2.17)

m+l

E . =E expliyd, ] (2.18)

m+l

The complex transmission coefficient ¥ in the (m+1)-th layer can be written

- . 27m
as ym+l = ﬁm+1 _lam+1/2’ ﬂm+1 = .

m+1

A

is the absorption coefficient of (m+1)-th layer material. If ¢, ,> 0, the medium is an

+1

is the real propagation constant; «, ., =

absorber, while if «

m+1

< 0 there is gain in the medium, for example in a QW medium. In

the following, we assume «,,,= 0, and ¥,.,d ., =p, .d,., = 2y _ @, ... The
Acos@,
Equations (2.17) and (2.18) can be expressed as:
E,. =E,, exp[-ig,,] (2.19)
E,,=E,, explig,.,] (2.20)

where @, ., is the phase change in (m+1)-th layer, Ais the wavelength of incident light,

(7

) .1 18 the angle of incidence in the (m+1)-th layer.
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We write Equations (2.19) and (2.20) in to a matrix form:

|:EVE+1:| — |:exp(i¢m+l) 0 i| . |:EVE+1:| (221)
Em+1 0 exp(_l m+1) Em+1

The phase matrix of (m+1)-th layer is

v =[exp<i¢mﬂ> 0 }

0 exp(-ig, ) 222

Combining Equations (2.10) and (2.22), we can obtain the relation between E,

and £

m+1°2

E; E;
{ E’"} =V, Vol [ El} (2.23)

Combine Equations (2.12) and (2.23), we can finally obtain the relation between the
incident light and the emergent light of a stack of (m+2) layers:

ES E®
[ 0_} = Voillelvlilszzvzil . ‘/n; 1‘/m+lUm+l‘/mil‘/m+2Um+2vmi2‘/sub|: S_ub} (2.24)

0 sub

This is the most widely used method for the mathematical study of wave transmission
in one-dimensional structures [5-7], it allows the calculation of reflectivity and
transmission spectra, guided modes and the optical intensity distribution in VECSEL
structure. In this thesis, we used the commercial software package Essential Macleod

which is an implementation of the transfer matrix algorithm (thin film center. Inc., USA)

to model our multilayer devices.

2.1.2 Reflectivity
Since there is only an incident light in the substrate assumed to have an infinite
length, we employ E_, =0 in Equation (2.24). We obtain:
[Eg}—V‘IVU ViUV VoV UL VeV ULV [E”} (2.25)
- {70 "1i¥1'1 Y2¥a2tva2 m " m+1Y m+1 mA+1Y mA2~ m4+27 m+2" sub 0 .
0

Thus, we can compute the electromagnetic anywhere within the structure.
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The complex reflectivity coefficient for the electrical field, r is calculated as:

_E
E,

r (2.26)

From r we obtain the intensity reflectivity R :|r|2 and the phase change of the

reflected wave Q= arg(r).
In Fig. 2.4 (a), we show a typical intensity reflectivity spectrum. Considering a
VECSEL structure shown in Fig. 2.1, a high reflectivity is achieved from the bottom

DBR, and a microcavity resonance at the design wavelength of 1550 nm.
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Figure 2.4 (a) Intensity reflectivity R and (b) group delay dispersion (GDD) as a function of

wavelength for the resonant cavity shown in Figure 2.8.

2.1.3 Group Delay Dispersion (GDD)

The gain structure is basically a Gires-Tournois interferometer (GTI) formed by the
bottom mirror and the residual reflection from the top layers. The dispersion of this
microcavity depends on the microcavity optical thickness and therefore on the thickness

of top layers. The general expression of GDD coefficient (in fs*)[8] is:

2
M (2.27)

Diw)= dw’
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where ¢@(w) is the optical phase, which can be computed with the transfer-matrix

algorithm described in the last section 2.1.1. In Fig. 2.4 (b), we show the calculated GDD
corresponding to a resonant VECSEL structure with the intensity reflectivity shown in
Fig. 2.4 (a).

For a passively mode-locked VECSEL, M. Hoffmann at ETH-Ziirich (ETHZ)
experimentally demonstrated that a slightly positive total cavity GDD should lead to
shorter pulses in a soliton-like mode-locking [9]. The main contributions in GDD of the
complete cavity arise from the VECSEL chip and the semiconductor saturable absorber
mirror (SESAM) chip. Both of them have therefore to be taken into account in the mode-
locked pulse formation process. The SESAM chip is also actually a Gires-Tournois
interferometer, and its GDD coefficient can be calculated in the same way. This will be

furthur detailed in chapter 3.

2.1.4 Longitudinal mode confinement factor

Starting from Equation (2.23) and (2.24), we present here the approach to obtain the
optical intensity distribution in the structure. In the active region the electrical field forms
a standing wave pattern as shown in Fig. 2.1. In order to improve the performance of
VECSELs, the gain structure has to be optimized for maximizing the overlap between the
active region and the peaks of the standing wave pattern at the lasing wavelength. In
order to study the impact of the QWs positions on the modal gain, we use the longitudinal
optical confinement factor I'z, defined as the proportion of the confined optical energy in
the QWs relative to the optical energy in the whole structure. Hence, the longitudinal

optical confinement factor I', can be given in the form [10-11]:

I|E(z,/1)|2dz

r=2——— (2.27)
[|EG A dz
L

In Equation (2.27), the top integral of the optical field is considered over the width of

the QWs in the microcavity and the bottom integral is over the entire gain structure
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length L. Equation (2.27) shows that the confinement factor is proportional to the squared

amplitude of the electrical field in the quantum wells. We used the reduced longitudinal
confinement factor in this thesis, FZ' which shows the average energy confined in a

quantum well [7]:

1 &

> [EG A dz (2.28)

ow =l gw

L. =

N

where N, is the number of QWs in the microcavity. The longitudinal confinement

factor controls the performance of the gain chip in several important ways. Firstly, T,

determines the overall “modal” gain of the chip which is proportional to N, xI' x g,
where g is the material gain (assumed to be constant for all the QWs in the structure).
And therefore I, impacts on the laser threshold. Secondly, I'. is wavelength

dependent, and therefore acts as an intra-cavity spectral filter, with important
consequences for the performance of the laser.

The longitudinal optical confinement factor is also a very important parameter when
designing a SESAM structure. It impacts on the modulation depth (maximum nonlinear
change in reflectivity) of the SESAM significantly. In this case, the longitudinal optical
confinement factor can also be referred to be as absorption enhancement factor, and this

will be discussed in chapter 3.

2.2 VECSEL STRUCTURE DESIGN

Fig. 2.5 shows the typical structure of our VECSEL chip. It consists of five sections:
(1) Antireflection (AR) coating, (2) Phase layer, (3) Active region, (4) bottom DBR, and
(5) host substrate.

Starting from the host substrate (5), most of the heat generated in the active region
dissipates through the host substrate in a bottom-oriented heat dissipation scheme. The

heat management requires the host substrate to have a high thermal conductivity, this will
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be detailed in section 2.3. The multilayer bottom Bragg mirror (4), serves as one of the
mirrors of the laser cavity. It is a critical element of the VECSEL chips (see Fig. 2.1 and
2.5). The DBR reflectivity should be very high, of the order of 99.9%, to keep the laser
threshold low and the output differential efficiency high. Since this mirror also forms a
thermal barrier between the active region and the heat sink, another requirement is that
the mirror thermal impedance should be low, so that the heat generated in the active
region is dissipated efficiently, and that the temperature rise in the active region is
limited. The active region (3) is the key component of the VECSEL, and it determines the
laser characteristics such as the operating wavelength, the threshold, the slope efficiency
and its thermal dependence. Multiple quantum wells are placed at the antinodes of the
optical field standing wave, with none, one, or several closely spaced wells at each
antinodes, see Fig. 1.3. The on-chip DBR and the residual reflectivity at the VECSEL
surface forms an etalon or microcavity effect, so the phase layer (2) should be optimized
to get a good matching between the gain spectrum and the microcavity mode, to enhance
the modal gain. Finally, the AR coating at the pump wavelength (1) is used to reduce the
reflectance of the pump, thus increasing the pump absorption efficiency.

In this section, we discuss in more details the design of the different parts of the
VECSEL chip (except for the host substrate), according to their functions as introduced

above.
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Figure 2.5 Schematic cross-sectional view of the VECSEL structure.

2.2.1 Distributed Bragg Reflector (DBR)

The bottom DBR of the VECSEL chip serves as one of the mirrors of the laser cavity.
In order to keep laser threshold low and output differential efficiency high, the bottom
mirror reflectivity should be very high. Since this mirror also forms a thermal barrier
between the active region and the heat sink, another requirement is that the mirror
thermal impedance is low. To produce efficient DBR, multiple quarter-wave layer pairs
of semiconductor materials with a high refractive index contrast are required. This yields
high reflectivity with fewer layer pairs and thus reduced thickness and lower thermal
impedance. It is also important that the materials used in the DBR have a good thermal
conductivity. In addition, the DBR materials should be non absorbing at the laser and,
possibly, pump wavelengths.

The available semiconductor materials lattice-matched to InP and compatible with a
lasing wavelength of 1.55 pm, only provide a small refractive index contrast. For
example, the InGaAsP/InP mirrors require ~ 48 quarter-wave pairs to achieve the desired
reflectivity of ~ 99.9% [12]. In contrast, high-index-contrast, lattice-matched materials
such as GaAs and AlAs, are available in the GaAs material system compatible with a
lasing wavelength of ~ 1 pum. A 30-pair GaAs-based mirror has the desired reflectivity of
~ 99.9% with a mirror thickness of about 4.5 um. Both 48-pair InP/InGaAsP DBR [12]
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and 35-pair AlAs/GaAs DBR [13] have been used as the bottom mirror for 1.55 pum
VECSEL. The calculated reflectivities of the two kinds of DBR mirrors are shown in Fig.
2.6. The InP-based DBR has a lower reflectivity and narrower stopband compared to the
AlAs/GaAs DBR with less pairs. As a result, VECSEL at 1.55 pm using InP-based DBR
have a higher thermal impedance, and significantly lower demonstrated output powers.
For VECSEL emission wavelength at 1.55 pum, alternatives have been explored for
improved mirrors considering the requirement of both reflectivity and thermal
performance. In this PhD work, we have used a 17-pair metamorphic
GaAs/Alyg7Gap 3As semiconductor Bragg mirror whose reflectivity is enhanced thanks
to the deposition of a 150 nm-thick Au layer [14-15]. The reflectivity of such a hybrid

mirror is calculated to be greater than 99.9% at 1.55 um, as shown in Fig. 2.6.
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Figure 2.6 Calculated reflectivity of various DBR mirrors at 1550 nm. 48-pair InP/InGaAsP DBR
mirror on InP substrate (red solid), 35-pari AlAs/GaAs DBR mirror on GaAs substrate (magnetic dash
dot), 17-pair AlAs/GaAs DBR mirror on GaAs substrate (blue dot) and hybrid mirror consisting of 17-

pair AlAs/GaAs DBR plus a gold mirror (green dash).

2.2.2 Active region

The function of the active region is the conversion of the pump light into the laser
light and laser light amplification. Incident pump photons with higher photon energy are

absorbed in separate pump-absorbing layers that also serve as the quantum well barriers.
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The excited carriers, electrons and holes, then diffuse to the smaller bandgap quantum
wells that provide gain, emitting lasing photons with lower photon energy.

For VECSELs in the telecom wavelength region (1550-1600nm), we can employ the
InP-based material system using quaternary alloys (e.g., InGaAsP, InGaAlAs) as the
active region. The active region is grown on InP substrate, consisting of 8 compressively
strained (~ 1.5%) InGaAlAs quantum wells distributed among three optical standing

wave antinode positions in a 4-2-2 distribution [15].

2.2.3 Phase layer and cavity mode adjustment
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Figure 2.7 Reflectivity spectrum map as a function of the thickness of top phase layer.

As there is a Fresnel reflection at the semiconductor—air interface, this together with
the Bragg reflection leads to a microcavity effect (resonance effect). Any thickness
variation of the top InP phase layer leads to a microcavity mode shift. We calculated the
reflectivity spectrum of our VECSEL as a function of the thickness the top phase layers,
as shown in Fig. 2.7. Depending on the optical thickness of phase layer, the VECSEL
microcavity can be resonant or anti-resonant at the wavelength of 1.55 pum. In the
following, we discuss the properties of the resonant and antiresonant VECSEL structure

respectively.
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Figure 2.8 (a) Structure of a resonant VECSEL. GaAs is in green, AlGaAs is in light green; the
material refractive index profile is in blue, and the normalized field intensitylE?l is plotted (black
curve). (b) Intensity reflectivity (black) and group delay dispersion (red) of the resonant VECSEL as a

function of the wavelength.
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Figure 2.9 (a) Structure of an antiresonant VECSEL. GaAs is in green, AlGaAs is in light green; the
material refractive index profile is in blue, and the normalized field intensitylE?| is plotted (black
curve). (b) Intensity reflectivity (black) and group delay dispersion (red) of the anti-resonant VECSEL

as a function of the wavelength.

The full structure design of a resonant VECSEL is shown in Fig. 2.8 (a). It shows the
simulated standing wave pattern (in black) and the refractive index profile (in blue), the
QWs (in red) being placed at an antinode of the standing wave. The simulated reflectivity
and group delay dispersion (GDD) of this resonant structure as a function of the
wavelength are plotted in Fig. 2.8 (b). The reflectivity spectrum has a big contrast at the
designed wavelength 1550 nm. A steep slope in the GDD spectrum appears near the

designed wavelength.
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Starting from Fig. 2.8, we switch to an anti-resonant configuration at the wavelength
of 1.55 um by reducing the optical thickness of the top phase layer by A/4. The anti-
resonant structure and the simulated standing wave pattern are depicted in Fig. 2.9(a).
The simulated reflectivity and GDD of this antiresonant VECSEL are plotted as a
function of the wavelength in Fig. 2.9 (b).

As can be observed when comparing Fig. 2.8 and Fig. 2.9, there are big variations in
reflectivity and GDD spectra when the thickness of the top InP phase layer is varied. This

permits us to tune the microcavity mode by etching the top layer.

2.2.4 Antireflection (AR) coating at pump wavelength
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Figure 2.10 Reflectivity at pump wavelength (45°) as a function of the thickness of top phase layer and
thickness of AR coating.

The residual reflectivity due to the refractive index difference at the air/InP phase
layer interface is ~ 30% at the pump wavelength. In order to enhance the absorption of
pump, we have deposited an anti-reflection (AR) coating for the pump laser. The pump
wavelength is 980 nm and the pump beam is focused onto the surface with an incident
angle of 45°. The AR coating is formed by a A/4 single layer of silicon nitride (SiNy). The
SiNy layer is deposited by sputtering and the refractive index of this material has been

measured to be n ~ 1.95 at 1.55 pm.
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We have calculated the reflectance at the pump wavelength (980nm), at an incident
angle of 45°, for different thickness values of both the top phase layer (InP) and the AR
coating layer (SiNy). The SiNy layer was considered to be perfectly transparent at 1.55 um
(extinction coefficient k=0) in the calculations. The results are shown in the map of Fig.
2.10. As can be seen in this figure, with an optimized AR coating thickness, the pump

reflectance can be reduced from ~ 30% to ~ 10%.

2.3 HEAT MANAGEMENT

OP-VECSELSs have been demonstrated with Watt to multi-Watt output powers. As an
example, J. Lyytikdinen and co-worker at Tampere University of Technology have
shown a 1.48 um OP-VECSEL with output power up to 5 W [16]. However, the high
output power critically depends on the thermal management strategy used in this type of
laser.

The pump photons have a higher energy than the emitted laser photons, and the
difference of the two photon energies is the quantum defect. This quantum defect is one
of the major contributors to the overall laser operating efficiency. This pump-laser
photon energy difference, together with the contributions from other lasing inefficiencies,
has to be dissipated as heat from the device active region.

Good heat dissipation and heat sinking are critical for high-power operation of all
semiconductor lasers. Without these, firstly, the temperature of the active region would
rise and excited carriers would escape thermally from the quantum wells into the barrier
region, thus depleting the laser gain and turning the laser off in a thermal rollover
process. The temperature induced shift of the maximum gain wavelength and the
refractive index variations detune the longitudinal standing wave pattern from the
resonant periodic gain (RPG) of the active QWs. This results in a reduced overlap of the
optical mode with the material gain, and in an effective decrease in round-trip modal

gain, with an eventual rollover limiting the maximum output power.
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In this section, we numerically compare the two heat dissipation techniques that have
been successfully deployed to-date: the intracavity “heatspreader” technique where a
platelet of high thermal conductivity is directly bonded onto the surface of VECSEL, and
the bottom heat dissipation approach where th