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Alla mia famiglia, con affetto.

We all live under the same sky,
but we don’t all have the same horizon.

In an instant age, perhaps we must relearn
the ancient truth that patience, too, has its victories.

— Konrad Adenauer



A B S T R A C T

Integrated mode-locked laser diodes are effective sources of periodic
sequences of optical pulses, which have always been of great interest
for a range of spectroscopy, imaging and optical communications ap-
plications. However, some disadvantages prevent their widespread
use, such as the restricted tuning of their repetition rate and their
output power levels never exceeding a few mW. This thesis reports
on the work done to address those limitations. Two main findings
are presented, the first being the generation of ultra-high repetition
rate optical signals through external injection of two continuous wave
signals. This mechanism is much simpler than other techniques pre-
viously proposed to increase the repetition rate of monolithic mode-
locked laser, and has proved successful in generating optical signals
up to quasi-THz. It is based on injection of two continuous wave sig-
nals whose spacing is an integer multiple of the pulsed cavity free
spectral range and whose injection wavelengths coincide with two of
the monolithic laser modes. This technique allows discrete tunabil-
ity of the repetition rate with a step equal to the injected cavity free
spectral range, and the injected laser has been shown to lock up to
a repetition rate of 936 GHz, corresponding to 26 times that of the
free-running semiconductor laser (36 GHz). The presented scheme is
suitable for integration, opening the way for a successful on-chip gen-
eration of ultra-high repetition rate optical signals exploiting coupled
cavity phenomena.

The second main finding of this thesis regards the changes induced
on the pulsed operation of monolithic passively mode-locked lasers
by a blue bandgap detuning applied to their saturable absorber. The
quantum well intermixing technique has been used for attaining an
area-selective bandgap shift on the fabricated chip, being fully post-
growth. The lasers with a detuned absorber were found to have an ex-
tended range of gain section currents and absorber voltages in which
stable mode-locking operation took place. Furthermore, a comparison
of mode-locked devices fabricated on the same chip, respectively with
and without a bandgap detuned absorber, showed that the emitted
pulses had greater peak power and were less affected by optical chirp
when the bandgap of the absorbing section was shifted. A new in-
termixing technique has also been developed as part of this work to
address some inconsistencies of the pre-existing one; the newly intro-
duced approach has been found to provide better spatial resolution
and a more precise control of the attained bandgap shift.
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namics of passively mode-locked semiconductor lasers with bandgap
shifted saturable absorbers, to be submitted to Optics Letters.

Piotr M Stolarz, Vincenzo Pusino, Gábor Mezősi, Lianping Hou, A.
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Part I

T H E S I S B A C K G R O U N D

The first part of this thesis outlines the theoretical back-
ground of the project, reviews the literature on high power
and high frequency semiconductor mode-locked lasers
and provides an overview of the fabrication methods used
for devices implementation, with particular attention to
the quantum well intermixing technique.



1
I N T R O D U C T I O N

The work described in this thesis is part of the project High Power,
High Frequency Mode-locked Semiconductor Lasers [1], funded by the En-
gineering and Physical Sciences Research Council (EPSRC). The pur-
pose of the project is to provide compact and low cost devices for
the generation of ultra-short and highly energetic pulses with high
repetition rates.

Monolithic pulsed optical sources at frequencies in the hundreds
of GHz range and beyond are of interest for next generation optical
communications networks, as well as for sensing and security applica-
tions [2]. The EPSRC project developed devices operating over the two
main wavelength windows centred at 800 nm and 1550 nm. These two
spectral regions are of importance because they constitute, respect-
ively, the wavelength operating range in short and long haul fibre op-
tics communications systems. Moreover, the excellent power perform-
ance of semiconductor lasers operating over the 800 nm wavelength
range make them suitable candidates for THz generation and non-
linear applications. The work described in this thesis refers to the
second window, with central wavelength of 1550 nm.

Within the EPSRC project frame, this PhD project focussed on two
main themes:

1. The generation of quasi-Terahertz rate optical pulses from semi-
conductor Passively Mode-Locked Lasers (PMLLs) through two
main approaches, the first exploiting injection locking through
external injection of continuous wave signals and the second
based on mutual coupling between two integrated Semicon-
ductor Ring Lasers (SRLs) through the Vernier effect.

2. The increase of the emitted average power in the mode-locked
region from few mW to few tens of mW, in order to boost the
energy of the optical pulses in PMLLs. This has been sought by
bandgap shifting of the saturable absorber.

The reasons for targeting these two particular aspects will be ex-
plained in the next paragraph.

1.1 project motivation

The devices studied in this project are fabricated on standard Multi-
Quantum-Well (MQW) semiconductor epi-layers1 based on an alu-

1 www.iqep.com

2

www.iqep.com
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minium quaternary compound. This MQW material has been extens-
ively used at the University of Glasgow for the fabrication of a num-
ber of devices, such as Distributed feedback (DFB) lasers [3], Semicon-
ductor Ring Lasers (SRLs) [4], and devices based on Fabry-Pérot (FP)
geometries for mode-locked operation [5]. The Mode-Locking (ML)
dynamics of this material platform are well understood in the Op-
toelectronics group at the University of Glasgow following extensive
characterisation [6, 7]. Such analysis has proved these devices as very
attractive sources of ultra-short optical pulses [5].

However, one of their major drawbacks is the output power per-
formance because optimum ML happens for relatively low current in-
jection. Even considering higher current regions where poor quality
ML can still be achieved, the average emitted power does not exceed
few tens of mW [8]. This constraint has prevented a wider diffusion of
semiconductor PMLLs operating over the 1550 nm wavelength range,
since a number of reasons make high output power desirable, e. g.
eliminating the need for optical amplification, thus improving noise
performance and expanding the possible range of applications. Des-
pite very active research in the field the performance of monolithic
mode-locked devices is still limited, especially in comparison to their
solid-state or fibre counterparts which easily achieve output powers
of a few Watts [9]. There have been several attempts to increase the
emitted power [10], but none of the approaches proposed so far has
been able to tackle the issue effectively, or to gain a leading edge over
the other ones. The method of choice for future PMLLs has not been
clearly defined yet. There are several routes for increasing the peak
power of the ML peak power, but they can be divided in two groups:

1. The techniques focussing on the design of epi-layer structures
especially targeted for optimised mode-locked operation, for ex-
ample through mode expander layers [11].

2. The techniques targeting an increase of the pulses peak
power by changing the interplay between the different sections
within the cavity, either through bandgap engineering (like
the Quantum-Well Intermixing (QWI) technique [12], introduced
later in this chapter), or through the introduction of wavelength-
selective elements within the laser cavity (e.g Distributed Bragg
Reflectors (DBRs) [13]).

Another topic which has seen a substantial research effort over the
years is the realisation of passively mode-locked monolithic devices
that could produce ultra-short optical pulses with ultra-high repeti-
tion rates (hundreds of GHz). Tuning of the pulse train frequency
would also be desirable, adding flexibility and reconfigurability to
the continuously evolving scenario of possible applications. The max-
imum achievable repetition rate is limited to few tens of GHz when
considering the most elementary monolithic passively mode-locked
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design, based on a single FP cavity incorporating an element with
saturable absorption characteristics. The technical impracticability of
cleaving devices shorter than few hundreds of microns limit the max-
imum achievable repetition rate to approximately 100 GHz for the
considered material platform. Moreover, an accurate definition of the
repetition rate as required by some applications might prove problem-
atic because of the limited resolution of conventional scribing tools.
Very short devices can be implemented through wet-etch facilitated
cleaving processes and high-precision automated scribers but they
would suffer low gain and be limited in terms of maximum attainable
power. The difficulties in attaining high repetition rates and the lack
of tunability clash with the needs of next generation optical commu-
nication networks, and several emerging applications such as metro-
logy and THz generation. Several methods and techniques have been
proposed over the years to bring the repetition rate to values greater
than the cavity Free Spectral Range (FSR), with most of the proposed
solutions relying on multiple cavity geometries, thus complicating the
fabrication and operation of the lasers, as it will be described later in
this chapter.

With the described issues in mind, the present work has focussed
on techniques and methods to attain effective ML at ultra-high re-
petition rates (hundreds of GHz) while at the same time providing
wide tunability (from ∼ 36 GHz, the fundamental mode spacing of
the laser diodes used in this work, to quasi-THz frequencies) and
solutions suitable for integration. The proposed scheme relies on ex-
ternal injection of continuous wave optical signals and will be de-
tailed in Chapter 3. The rest of this chapter instead will provide a
brief introduction to ML, from the basic mechanism to an outline of
the methods proposed so far to boost the repetition rate and output
power performance. Also the Injection Locking theory and the QWI

phenomenon will be discussed, as they constitute the basis on the
original work reported in this thesis is based.

1.2 mode locking

ML is a pulse generation technique based on the introduction of a
fixed phase relationship between different longitudinal modes in a
laser, first proposed in [14]. The theoretical analysis reported here is
based on the one reported in [15].

For simplicity the considered device will be a laser emitting on a
single transverse mode and oscillating at N = 2m + 1 longitudinal
modes. ω0 is the frequency of the mode at the centre of the gain
bandwidth curve, and 2π/tr is the frequency spacing between adja-
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cent modes, with tr being the cavity round trip time. The electric field
E(t) in the time domain can be expressed as:

E(t) =
m

∑
n=−m

Enei[(ω0+n 2π
tr )t+ϕn] (1.1)

with En and ϕn being, respectively, the electric field and the phase
associated with the nth mode. Without imposing a fixed phase rela-
tionship between the modes, each one of them oscillates independ-
ently and the resonator output presents a Continuous-Wave (CW) out-
put with random fluctuations in the time domain. In a mode-locked
scenario, all the phases are the same, so if one assumes the centre
mode to have zero phase, this is true for all the modes (ϕn = 0).
If one also assumes for simplicity all modes to have equal strength
(En = E0) the electric field summation can be expressed as:

E(t) = E0

m

∑
n=−m

ei(ω0+n 2π
tr )t (1.2)

The associated intensity can be derived from the electric field, lead-
ing to the following expression:

I(t) = E(t)E∗(t) = E2
0

sin2(Nπt/tr)

sin2(πt/tr)
(1.3)

The evolution of intensity over time is shaped as a series of short
pulses propagating between the resonator mirrors, with a time sep-
aration between two successive pulses corresponding to the cavity
round-trip time. The temporal width of the pulses is inversely pro-
portional to the number of longitudinal modes lasing, as Figure 1.1
shows. The sharp increase in intensity as more modes are locked is
due to the assumption of all of them having equal strength (En = E0);
a more realistic model would have the field amplitudes changing ac-
cording to the gain profile, with a Gaussian function being a typical
envelope.

Depending on the method of choice to induce a fixed phase
relationship between the longitudinal modes, one can distinguish
between active and passive ML [16]. Active ML is based on external
gain modulation at the desired repetition rate, whereas passive ML

exploits an intra-cavity nonlinear element, normally a Saturable Ab-
sorber (SA), which locks the modes in phase. Pulses may be ob-
tained also by combination of the two techniques, in a configura-
tion known as hybrid mode-locking. Performance in actively Mode-
Locked Lasers (MLLs) is limited by the speed of the electronic sig-
nal generator used to modulate the gain. In PMLLs it is the pulse it-
self which modulates the absorption: this allows much shorter pulses
compared to active ML.
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Figure 1.1: Normalised electric field intensity vs. time for a pulse repetition
rate of 36 GHz, showing the intensity and pulse width depend-
ence on the number of modes locked, N.

A further classification of PMLLs identifies two main categories, de-
pending on the ratio between the SA recovery time and the width of
the generated pulse [17]. When the intra-cavity pulse energy is much
lower than the saturation energy of the gain medium, the generated
net gain window must not exceed the pulse duration: it is up to the
absorber to bring the losses back to a high level rapidly. This case is
known as fast SA ML, and it generally applies to solid-state lasers [18].
In semiconductor lasers the pulse has enough energy to saturate the
gain medium and, if the absorber has lower saturation energy, then
a short net gain window can still arise, which is closed by the pulse
itself as it bleaches the gain. This case is known as slow SA ML, and its
pulse formation mechanism is almost independent of absolute recov-
ery times, as long as the absorber recovers faster than the gain [19].
Since the devices studied in this work fall in the slow SAs category, a
more detailed description of this case will follow.

1.2.1 Slow Saturable Absorber Passive Mode Locking

Semiconductor lasers usually have large gain cross sections, therefore
intra-cavity pulse energies may become large enough to saturate the
gain in a single pass. In order to allow pulse formation, there needs
to be a net gain window, which only occurs if the absorber reaches
saturation before the gain. This situation is illustrated in Figure 1.2.

The pulse formation mechanism can be qualitatively explained as
follows [20]; noise is present in the pumped cavity, and the elec-
tric field displays incoherent fluctuations with randomly varying in-
tensity. The fluctuating components with high intensity experience
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Figure 1.2: Temporal evolution of gain, losses and optical power in a passive
ML device.

less loss due to the nonlinear absorption characteristics of the SA, so
that their amplitude builds up at every round trip. On the contrary,
the low intensity components are strongly attenuated. Eventually the
laser reaches a steady state with a single pulse travelling in the cavity.
In the narrow time window where the gain exceeds the loss, various
phenomena contribute to pulse shaping, the first being that on the
leading edge of the pulse the absorber is not yet saturated and losses
are high. In the centre of the net gain window, the pulse intensity
increases, the SA is bleached and amplification occurs. Eventually the
energy of the pulse becomes high enough to deplete the gain, thus by
this time the SA has begun to recover and losses are high again. This
temporally corresponds to the trailing edge of the pulse.

In order for this mechanism to lead to a stable train of pulses, the
device must satisfy some conditions, primarily that the SA should
recover faster than the gain section. This means that the temporal
evolution of losses and gain within the cavity should lead to the gain
exceeding the loss only over a limited temporal frame. The recovery
times of semiconductor SAs on MQW material platforms are gener-
ally greater than typical cavity round trip times, but there are sev-
eral techniques to overcome this issue. The most widely adopted and
standardised one is the split contact technique [21], which relies on di-
viding the laser cavity into two sections, with the longer one forward
biased and the shorter one reverse biased, referred to, respectively,
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as the gain and the SA section. Generally the optimum ratio between
the absorbing length and the amplifying one is a few percent. The
application of an adequate reverse voltage to the SA section reduces
the recovery time, ensuring the previous condition is satisfied and
that ML can take place. Another requirement regards the energy of
the intra-cavity pulse, that always needs to be greater than the sat-
uration value of both absorbing and gain sections, so that both can
be bleached by the pulse in a single pass. Moreover, as previously
stated, the saturation energy of the absorber should be less than that
required to deplete the gain for the SA to saturate before the gain. In
MQW systems this condition is always verified, since the saturation
energy of a given section is inversely proportional to the differential
gain; thanks to the nonlinear relationship between gain and carrier
density a short SA section will always have higher differential gain
than a long amplifying one.

The description of the mechanisms underlying passive ML in semi-
conductor lasers has so far been intentionally qualitative. It is worth
mentioning that several fast nonlinearities, like dynamic carrier heat-
ing [22] and spectral hole burning [23] play an important role in the
pulse shaping mechanism, especially for short pulse widths, but an
in-depth analysis of those phenomena goes beyond the scope of this
work, whose focus is on high power and high frequency semicon-
ductor lasers. For this reason the next paragraphs will review the
main techniques to generate optical pulses with high repetition rate
and high energy.

1.3 generation of high repetition rate optical pulses

The minimum length of a FP semiconductor laser resonator is limited
by cleaving to a few hundreds of microns and therefore the highest re-
petition rate cannot exceed 100-150 GHz. Particular conditions can in-
duce the simultaneous formation of multiple pulses travelling within
the cavity, with equal temporal spacing, in what is known as har-
monic ML. Several ways to lock a semiconductor PMLL at harmonics
of its fundamental frequency exist, but they all share the same chal-
lenge, which is obtaining a pulse train with constant pulse energy and
low timing jitter. Temporal instability is often related to the so-called
supermode noise [24], which arises from the fact that N pulses are trav-
elling inside the cavity, but only the Nth resonator mode is excited.
The laser does not oscillate on a stable set of modes and might jump
to a different one, or simultaneously oscillate on two sets of modes.
Various methods can be adopted to suppress this kind of instability
and achieve stable harmonic ML. Historically the first two techniques
that have been introduced for semiconductor PMLLs are the so-called
Colliding Pulse Mode-Locking (CPML) [25] and the Compound Cav-
ity Mode-Locking (CCML) techniques [26]. More recently, passive ML
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of Discrete Mode Laser Diodes (DMLDs) has been reported [27], show-
ing some promising results. The strengths and weaknesses of each of
these techniques will be discussed in further detail in the following
paragraphs.

1.3.1 Colliding Pulse Mode-Locking

CPML was originally introduced as a mean to generate ultra-short,
transform limited pulses in dye lasers [28]. This ML technique exploits
the interaction of two counter-propagating pulses in a medium with
saturable absorption characteristics, as Figure 1.3 illustrates for the
case of CPML implementation in a monolithic device, with a semicon-
ductor SA placed in the middle of the cavity.

Figure 1.3: Schematic depicting the CPML mechanism in a monolithic cavity
geometry: the two pulses colliding in the SA placed in the centre
of the cavity leads to the device operating at twice the funda-
mental repetition rate.

In order to achieve effective CPML, a number of conditions must
be satisfied, the first being that the pulses must overlap within the
absorber, their difference in arrival time between them must be small
compared to the SA optical length. Furthermore, as with ML at the
fundamental frequency, the physical length of the SA must be shorter
than the optical pulses. Considering the situation with a single SA

and two sub-cavities, the SA optimum location is at the centre of the
cavity, so that coupling between colliding pulses is maximised. Given
the device configuration, the fundamental repetition rate for CPML is
two times the round trip frequency of the whole cavity when using a
single SA. Devices with multiple absorbers have been demonstrated to
lock successfully at the corresponding harmonics of the fundamental
frequency [29]. The occurrence of CPML is due to the fact that the total
energy of the system is minimised when the counter-propagating
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pulses synchronously propagate in the SA, thus minimising the losses
of that section. Monolithic CPML are compact light sources which have
proven thermally and mechanically very stable, and have provided
pulses with a range of repetition rates from tens of GHz to 350 GHz,
both at 800 nm [30] and at 1550 nm [31].

The pulse formation mechanism in CPML devices has been widely
studied, and it differs depending on the type and geometry of mode-
locked laser considered. In dye lasers, where CPML was first observed,
the considered geometry was a bidirectional ring with the two pulses
establishing a standing wave and bleaching a grating into the me-
dium when colliding in the SA [32]. This interpretation was also ap-
plied when Zhang and Carroll introduced a pulse shaping model
for MQW laser diodes [33]: the interaction of the counter-propagating
pulses was thought to lead to a carrier-density grating in the SA, res-
ulting in the forward and backward travelling waves being coupled.
Such a model predicted the generation of transform-limited optical
pulses, in disagreement with the experimental results which showed
highly chirped pulses from MQW laser diodes [34]. Later Bischoff
et al. suggested the pulse formation to be determined by the inter-
play between the gain and absorber dynamics [35]. According to this
analysis, the pulse broadens in the gain section and is compressed in
the absorber, until attaining equilibrium once in steady-state regime.
This implies that for MQW materials CPML does not fall purely under
the slow SA case, because both slow and fast gain/absorber dynamics
are needed. A slow absorber is required for the system to self-start,
while a fast one is important for sustaining ML in steady-state. This
is especially true when aiming for very high repetition rates, because
the round trip of a short cavity might be shorter than typical absorp-
tion recovery times, and sub-picosecond phenomena like dynamic
carrier heating and spectral hole burning become instrumental for
successful pulse formation.

With regards to the pulse quality, results from MQW CPML laser di-
odes have usually shown almost linearly down-chirped pulses [35],
as a result of opposite carrier density induced index changes in the
gain and absorber section. Because of the opposite carrier dynamics,
the chirp that the pulse experiences in the gain section is partially
counterbalanced by the SA. However, increasing the absorber length
is not beneficial, as it causes an increase in the amplification needed
for effective ML and results in the pulse being more chirped. Effective
chirp control has been achieved through hybrid ML, which has been
shown to produce downchirped to upchirped pulses by varying the
modulation frequency when applied to a monolithic CPML configura-
tion [36].

Devices employing colliding-pulse techniques to increase the repe-
tition rate have been fabricated on the same material platform used in
this work, and the experimental results are consistent with the pulse
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shaping mechanism illustrated. The lowest time-bandwidth product
reported, 0.5, is higher than the transform limited value of 0.31 for
sech2 pulses, which is the characteristic pulse-shape usually obtained
from monolithic MQW mode-locked laser diodes [37]. The repetition
rate achieved ranges from 20 GHz, demonstrated for relatively long
devices with a single SA [38], to 160 GHz, observed for a quasi-40
GHz cavity that includes three symmetrically placed SAs [39]. In high-
harmonic ML devices, CPML lasers have a generally poor ML perform-
ance over CCML devices, whereas their strength is in their superior
tolerance to cleaving inaccuracies. These aspects will be explained in
the next section, which analyses CCML.

1.3.2 Compound Cavity Mode Locking

The first demonstration of harmonic ML in semiconductor PMLLs was
based on an intra-cavity DBR section, introduced to create a sub-cavity
and induce locking at higher harmonics [40]. For low pumping cur-
rents the lasers showed ML at the fundamental repetition frequency of
the entire cavity, whereas at higher currents the devices switched to
a regime where a train of shorter pulses at the round-trip frequency
of the sub-cavity was generated.

The operation principle is based on the DBR section introducing a
coupled-cavity inside the main resonator, that works as a frequency
filter, enhancing only those frequencies which coincide with the mode
spacing of the coupled-cavity. By choosing the length of the DBR sec-
tion so that there is an integer ratio between the two segments, one
can design the repetition rate at which harmonic ML will take place.
Furthermore, ML at multiples of the DBR fundamental mode spacing
is possible for higher carrier injection because a higher number of
modes will be above the lasing threshold. Using this technique, suc-
cessful ML at 400 GHz, 800 GHz and 1.54 THz in a MQW material
structure emitting at 1550 nm was demonstrated by using a DBR sec-
tion with 400 GHz mode spacing, under different biasing conditions
of the gain section [41, 42]. Avrutin et al. proposed an Intra-Cavity Re-
flector (ICR)-basedCCML, implemented by etching a groove inside the
main resonator cavity to form an additional Fabry-Pérot sub-cavity
[43] as an alternative to the DBR section. They also derived an expres-
sion for cavity losses and showed how the cavity can mode-lock at
the Mth harmonic with the reflector relative position being either at
1/M of the cavity length, or in a more general case, dividing the cav-
ity into two segments L1 and L2 satisfying L2 =L1 ∗ (M2/M1), with
M1 and M2 integer numbers with no common factors, chosen so that
M=M1+M2. In both cases the losses have a minimum for the reson-
ator oscillating at the Mth harmonic.

The fact that the cavity losses have a minimum for the system os-
cillating at a certain harmonic is beneficial to the modal selectivity. A
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CCML laser favours a fixed set of modes, therefore it is less affected
by supermode noise. Here lies one of the advantages of the CCML con-
struction over the CPML one, because in the latter the higher harmonic
selection mechanism is essentially due to the non-linear interaction
between the colliding pulses, which selects an interval between res-
onator modes but does not exactly select the ones excited. This makes
the CPML mechanism intrinsically more affected by supermode noise
[44]. Furthermore, in CCML laser diodes the modal selectivity can be
improved by using more than one ICR. Different reflectors can be posi-
tioned at different fractions of the cavity length, each of them sharpen-
ing the spectral selectivity of the other and eventually achieving ML

at the Mth harmonic.
The first experimental characterisation of CCML laser diodes with

ICRs employed devices lasing at λ = 860 nm, which were shown to
mode-lock up to a repetition rate of 2.1 THz [45]. On 1.55 µm mater-
ial platforms the maximum achieved repetition rate so far is 160 GHz,
achieved by using two sub-cavity ICRs [46]. The use of multiple ICRs

improves the modal selectivity but adds complexity to the devices as
well, making fabrication less tolerant. CCML is indeed very dependent
on accurate sub-cavity length ratios, especially when ML is required at
higher order harmonics. The accuracy of a conventional wafer scriber
(few µm) is typically not enough and a successful fabrication might
demand additional wet-etch facilitated or computer-controlled cleav-
ing processes. The great degree of complexity both in designing and
fabricating this kind of mode-locked lasers proves to be the greatest
disadvantage of the CCML technique. One possibly simpler method
which can be used to achieve harmonic ML in semiconductor PMLLs is
the so-called discrete mode-locking, addressed in the next paragraph.

1.3.3 Discrete Mode Locking

The FP geometry is undoubtedly the most simple laser geometry. It is
very convenient to fabricate, but it is also unsuitable for many applica-
tions, because the mode selectivity is provided only by the gain curve
and many longitudinal modes happen to be above lasing threshold.
In Discrete Mode Laser Diodes (DMLDs), the standard FP geometry is
modified so that one can tailor the modes oscillating in the resonator,
in order to achieve single-mode or multi-wavelength operation [47].
DMLDs were firstly introduced to achieve single mode emission with
a very narrow linewidth in a FP cavity structure [48, 49]. This was
achieved by introducing small refractive index changes by etching
a given number of shallow grooves distributed along the resonator
cavity. The grooves modify the FP cavity losses, enhancing one mode
and suppressing the others, since introducing light scattering regions
distributed along the laser ridge waveguide alters the threshold gain
value of the single modes and only those with reduced gain threshold
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will lase. The use of this technique has shown very narrow linewidth
emission with very high Side-Mode Suppression Ratio (SMSR). Select-
ing the right set of modes will results in ML at higher harmonics of the
fundamental. The shallow etched grooves as a whole can be viewed
as a distributed reflector which adds a perturbation on the FP modes
pattern. Normally for the process to be effective several tens of etched
grooves are required (which might be impractical). This mechanism
actually provides a precise tailoring of the emission spectrum, allow-
ing also to design multi-wavelength FP lasers [50]. The number and
spacing of the oscillating longitudinal modes can be pre-determined
by design, and this of course makes them suitable candidates for ML

at very high repetition rates.
Passive Mode-Locking (PML) in DMLDs has been demonstrated,

both with a pulsed output at 100 GHz repetition rate [51], or with
a sinusoidal output at 160 GHz [52]. Their timing jitter performance
has also been compared with standard semiconductor PMLLs, and
DMLDs show comparable or better timing jitter performance, prob-
ably due to the spectral filtering mechanism in the cavity [53]. PML in
DMLDs could however be hindered by wavelength bistability, since the
standard design for harmonic ML in DMLDs favours lasing of just two
modes, whose spacing defines the repetition rate. The wavelength in-
stabilities arising when selecting just two modes could be avoided
by designing devices supporting a higher number of modes, even
though such solution would require more grooves more densely
placed, eventually making the fabrication cumbersome. Furthermore,
etching too many features inside the cavity would cause an increase
in the scattering losses seen by the lasing modes, limiting the max-
imum achievable output power.

In conclusion, none of the ultra-high repetition rate techniques de-
scribed so far has prevailed over the others. One current research
trend in the field is the combination of two or more of the previously
illustrated approaches, for example by superimposing a CPML geo-
metry with multiple SAs on top of a DMLD. A highly desirable feature
for monolithic mode-locked lasers is the tunability of the repetition
rate, since tunability in monolithic devices was one of the main goals
of this work, together with investigating possibilities to increase the
PMLLs emitted power, which is object of the next section.

1.4 injection locking

The techniques in the previous paragraph were reported for complete-
ness; however, the quasi-THz repetition rate signals obtained in this
work exploited the interaction between three separate laser oscillat-
ors, with two CW signals coupled into a mode-locked cavity. This
paragraph therefore discusses the dynamics of semiconductor lasers
when perturbed by an external signal.
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The behaviour of an harmonic oscillator subjected to injection from an
external one varies depending on the strength of the injected signal
and on the difference between the oscillating frequencies. One case
of particular interest is when the conditions are such that phase syn-
chronisation is achieved between the two oscillators, in what is nor-
mally referred to as injection locking. Locking phenomena between
oscillators were first observed by Huygens in pendulum clocks three
centuries ago [54], and much later (1946) by Adler in Radio-Frequency
(RF) electric circuits [55]. Soon after the appearance of laser oscillators,
injection locking phenomena between two lasers through light injec-
tion were also demonstrated [56]. Phase synchronisation is not the
only possible outcome when light is injected into an optical cavity,
there is a wide range of effects taking place, which will be discussed
in this paragraph. The discussion here focusses on the theoretical ana-
lysis of the injection locking phenomenon based on what reported in
[57]; the experimental observations of injection locking reported so
far are the object of the introductory part of Chapter 3.
The dynamic behaviour of a “slave” single-mode semiconductor laser
when subjected to external injection from a “master” source is a func-
tion of the relative frequency detuning ∆ω and of the injection level K,
i.e. the relative power of the injected signal with respect to the power
output of the unperturbed slave device. The way the slave device
responds to the injected light varies across different regions of the
parameter space K-∆ω, identifying different zones of operation for
the slave, and specifically:

1. Stable Locking Zones, where the two lasers are locked in phase.

2. Beating Zones, where the slave laser is amplitude modulated at
the detuning frequency but no phase synchronisation is present.

3. Self Pulsation Zones, where the field of the slave laser oscillates
at the relaxation frequency.

4. Chaotic Zones, where the oscillation of the slave laser becomes
chaotic and displays multiperiodicity regimes and period doub-
ling.

5. Coherence Collapse Zones, with the slave laser displaying a broad-
ening in its optical spectrum due to strong phase fluctuations.

The listed phenomena can be modelled analytically. The equations
describing a semiconductor laser with external optical feedback were
first derived in [58], with the optical feedback provided by an external
mirror. That set of equations can be modified to represent injection
from a master semiconductor laser into a slave device, obtaining the
following:
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dEl

dt
=

1
2
[Gn(Nl − N0)− 1/τp]El +

K
τin

Einj cosφ (1.4)

dφ

dt
=

1
2

α[Gn(Nl − N0)− 1/τp]El −
K
τin

Einj

El
sinφ− ∆ω (1.5)

dNl

dt
= Rp −

Nl

τS
− Gn(Nl − N0)E2

l (1.6)

Equation 1.4 includes the amplitude and phase of the slave laser
electric field, El and φ respectively, as well as its population inver-
sion Nl , differential gain Gn, carrier density at transparency N0 and
photon lifetime τp. The injection term in equation 1.4 contains, be-
sides the injection strength parameter K, also the amplitude of the
master laser electric field Einj and the round-trip time of the cavity
τin. Other important quantities present in equation 1.5 and 1.6 in-
clude the linewidth enhancement factor α, the pump parameter Rp

(defining how efficiently carriers are excited within the active region)
and the recombination time τS. The system represented by this set
of equations is single-mode and quasi-monocromatic, so it cannot in-
clude complex phenomena such as four-wave mixing or wavelength
bi-stability; however, it does include all phenomena listed previously.
For weak injection (K < 0.01) it is possible to find the locked station-
ary solutions of the system analytically, and to define the injection
locking region boundaries, identified by the following equation:

∆ω =

 K
τin

if ∆ω > 0

− K
τin

√
1 + α2 if ∆ω < 0

(1.7)

This equation describes two lines in the parameter space K-∆ω which
delimit the region where the master and the slave laser are locked.
the boundaries of the locked region are depicted in blue in Figure 1.4.
The different slope of the two curves is due to the presence of the
linewidth enhancement factor α in the second part of the equation,
and this explains why injection locking of a semiconductor laser is
more likely to happen if the master laser is negatively detuned with
respect to the slave. The points outside the boundaries defined by the
two curves are those for which only a beating takes place between
the master and the slave laser. This is typical of regions in the para-
meter space either with excessive detuning and/or too weak injection.
Within the locking region the stability boundary of the system can be
found, defined by the hyperbole depicted in red in Figure 1.4. Mov-
ing the analysis from weak to moderate injection (0.01 < K < 0.1)
the slave laser goes through the following regimes: first it displays
an oscillatory behaviour close to the relaxation frequency of the sys-
tem, eventually presenting period doubling for increasing K, a situ-
ation called “self-pulsation”; further increase in the injection strength
drives the laser into the so-called “chaotic” regime, which precedes
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Figure 1.4: Injection locking diagram for a semiconductor laser under weak
injection, for a single-mode semiconductor laser at 1.55 µm with
linewidth enhancement factor α = 1.575 and round-trip time of
the cavity τin = 8 ps.

the “coherence collapse” regime, the one dominating the weak to mod-
erate injection locking diagram. In the coherence collapse regime, the
phase of the slave laser experiences temporal fluctuations leading to
a broadening of the optical spectrum. For strong injection (K > 0.1)
the system goes through the described regimes in reverse, eventually
reverting to a stable locked situation. The final locking zone is the one
on the right side of the curve described by the following equation:

∆ω = m(K− K0) (1.8)

with

m = τin
5
√

1 + α2

4TR

(
1 +

2
√

2
5

TRωR

)
(1.9)

K0 = τin
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1 + α2

α

(
− 25

8(TRωR)2 +
5
√

2
2TRωR

+ 2

)
(1.10)

This final locking region, which for zero detuning ∆ω happens for
injection strength K≥K0, is of interest to obtain stable locking over
a wider frequency range. Despite the possibility of attainable stable
locking also for weak injection (K < 0.01), in that case any fluctuation
in the system parameters (e.g. small temperature changes leading to
wavelength drifts in the laser emission) causes unlocking between
master and slave. Stronger injection and accomplishment of the final
locking is of interest to obtain stable locking over a wider ∆ω range,
making it more robust against system fluctuations.

The analysis presented so far regarded a single-mode semicon-
ductor laser. The dynamics of PMLLs subjected to external injection
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have been studied analytically in [59], with the injected signal be-
ing a coherent pulse train. The adopted mathematical approach star-
ted from the mode-locked solutions of a free-running laser, imposing
the injected pulses as perturbations and then finding the steady-state
solutions of the injection-locked scheme. The model predicted the
possibility of coherent injection locking, with a timing jitter and amp-
litude noise reduction for the slave pulse train within the locking
range. The study mainly focussed on pulsed injection, but also pre-
dicted phase locking between a CW input and a PMLL. A more recent
model [60] analysed the dynamics of PMLLs subjected to optical feed-
back from external cavities, and predicted harmonic ML when the
length of the external cavity is an integer multiple of the lasing cavity
length, with the pulse formation mechanism being the same behind
CCML.
As for the experimental findings, both pulsed and CW injection lock-
ing of PMLLs were experimentally demonstrated in [61] and [62], re-
spectively. The experimental results reported so far regarding phase
synchronisation of PMLLs with external injection will be object of the
introduction of Chapter 3.

1.5 high power in passively mode-locked semicon-
ductor lasers

The discussion of the different ways to obtain mode-locking at har-
monics of the fundamental frequency has highlighted how different
semiconductor laser geometries can lead to pulses with repetition
rates between 40 GHz and 1.4 THz. However, the output power is
usually limited to an average power of a few milliwatts per facet, be-
cause of a wide number of phenomena taking place, for example gain
saturation and excessive bleaching of the SA. This section discusses
the reasons that limit the output power of semiconductor PMLL, and
describes the approaches that have been developed to overcome this
limitation.

1.5.1 Thermal Effects in Semiconductor Saturable Absorbers

The laser material traditionally used at the University of Glasgow for
the fabrication of devices emitting at 1.55 µm [63] is a commercially
available MQW AlGaInAs/InP wafer structure with a gain region con-
taining five 6 nm-thick compressively strained Quantum-Wells (QWs),
separated by six 10 nm-thick tensile strained barriers. The QWs are sur-
rounded by 60 nm-thick GRaded INdex Separate Confinement Het-
erostructure (GRINSCH), and the core layer is embedded between an
upper p-type doped InP layer and the n-type doped InP substrate.
A diagram representing the epi-structure, dubbed Five Quantum-
Well (5QW) material, is presented in Figure 1.5. The ML performance of
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Figure 1.5: Epitaxial structure of the 5QW material.

this material structure has been extensively characterised, and Stolarz
et al. have highlighted the limits preventing an optimal ML perform-
ance [7]. The analysis also pointed out the detrimental effects that the
thermal phenomena taking place in the SA section have on the devices
mode-locked operation. The relative bandgap detuning between gain
section and SA has been shown to be a key factor in monolithic PMLLs

for the stability of the mode-locked operation. Considering the case of
absorbing and gain sections sharing the same material platform, there
are several phenomena inducing a change in their relative detuning.
As previously discussed, in order to achieve stable ML the SA must
recover faster than the gain, and this is ensured by applying a reverse
voltage to the SA section, thus reducing absorption recovery times
to few ps. However, the application of a reverse bias also induces a
red shift in the bandgap energy because of the Quantum Confined
Stark Effect (QCSE). Moreover, the photocurrent flowing through the
absorber induces a temperature increase through Joule heating, and
this causes thermal bandgap renormalisation, whose final effect is
again a red shift in the bandgap energy of the SA. With regards to the
gain region, this also experiences a thermal red shift of its wavelength
emission peak for increasing currents. Under the assumption that the
heat flow from the gain to the SA section can be neglected [7], the
thermal bandgap drift in each section is determined solely by its own
Joule heating, and is given by the following formula:

∂tωg = −γth

(
ωg −ω0

g − RthPdis

)
(1.11)

where ωg and ω0
g are, respectively, the bandgap for a given current

and that for zero current, γth is the thermal relaxation rate, and Rth is
the bandgap shift per unit of dissipated power Pdis. Equation 1.11 can
be applied to both sections of the PMLL, however the power dissip-
ated is proportional to the induced photocurrent in the SA and to the
amplifier current in the forward biased section. This means that the
bandgap of the gain section when increasing the current can be pre-
dicted, while the fact that the photocurrent in the SA depends on the
absorption and therefore on the absorber bandgap position prevents
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an estimation of the SA bandgap. Due to the different carrier density
between the two sections and the subsequent different temperature
increase, the thermal bandgap detuning experienced by the amplifier
and SA section greatly differs, and this causes the relative position
of the SA band-edge of the SA with respect to the gain peak to shift
from strong blue detuning to strong red detuning as the current in
the amplifying section is increased. As a result, the range of currents
and voltages providing stable ML is limited. The numerical analysis
carried out in [64], based on a monolithic PMLL with fundamental re-
petition rate of 40 GHz and a 2 % absorber, derives pulses duration
below 1.5 ps only for detuning of a few THz and currents between 2
and 4 times the threshold current density Jth. The analysis also high-
lights how the region of stable ML quickly vanishes for a red bandgap
detuning of the SA.
The thermal phenomena causing a red shift in the SA bandgap and
the subsequent limited region of parameter space for which stable ML

take place could benefit from a blue detuning of the absorbing section;
for this reason, the performance of PMLLs with blue-detuned SAs was
experimentally characterised in this work, and will be discussed in
Chapter 5.

1.5.2 Optimising the epitaxial structure for mode-locking

The maximum achievable pulse energy is related to the gain satura-
tion energy Esat, which is given by[65]:

Esat =
hνA

Γ(Gn)
(1.12)

with hν being the photon energy, A the optical cross-sectional area, Γ
the optical confinement factor and Gn the differential gain. This for-
mula shows that higher gain saturation can be achieved either by max-
imising the mode size or reducing the mode optical confinement and
differential gain. Another important aspect to be considered is the
coupling efficiency between the semiconductor laser and the coupling
optics, which plays an important role for the maximum extracted out-
put power. With all these different aspects in mind, the Optoelectron-
ics Group at the University of Glasgow has developed an improved
MQW material platform optimised for ML operation. In the optimised
epitaxial structure the number of QWs was reduced to three, in order
to decrease the optical confinement factor and differential gain. Fur-
thermore, a passive layer, dubbed Far-Field Reduction Layer (FRL),
has been introduced in the n-type doped lower cladding, bringing be-
neficial effects both in terms of output power and coupling efficiency.
The FRL pulls the mode towards the n-type doped cladding, expand-
ing the modal spot size. The higher cross-sectional area A translates
in higher gain saturation energy Esat and reduction of the far field
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Figure 1.6: 3QW material structure, highlighting the differences with the 5QW

case.

beam profile. This could also have been achieved by decreasing the
thickness of the GRINSCH layer, although such solution would have in-
creased the modal overlap with the highly lossy p-type doped region,
and subsequently the internal losses. On the contrary the presence of
the FRL decreases the internal losses, since it pulls the mode towards
the n-type doped cladding, which has much smaller absorption coef-
ficient than the p-type doped layer, with kp = 22 cm−1 and kn = 1
cm−1 the respective values [66].
The optimised layer structure, referred to as Three Quantum-Well
(3QW) material, is depicted in Figure 1.6 which also points out the
layers differing from the 5QW structure. The ML performance of the
optimised epi-design has been compared to that of the original struc-
ture in Piotr Stolarz’s thesis [6]. The examined mode-locked devices
made use of the split-contact ML technique and simply consisted of
a FP cavity PMLLs with a single intra-cavity SA. A schematic diagram
of the cavity geometry is presented in Figure 1.7. The cavity length

Figure 1.7: Schematic of the cavity geometry used for ML assessment both
for the 5QW and 3QW materials.

was defined by chip cleaving and resulted to be 1136 µm and 1256
µm respectively for the 5QW and 3QW case, giving fundamental repe-
tition rates of 38.3 GHz and 35.1 GHz. In the two cases waveguide
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widths of 2.5 µm and 2 µm were chosen, which provide a trade-off
between single mode-operation and modal losses. The SA was placed
next to one of the facets, and electrical isolation from the gain section
contact was achieved through a 10 µm wide gap. PML was obtained
by forward biasing the gain section and reverse biasing the absorber.
Several absorber section lengths were tested for both material plat-
forms. The experimental setup used is shown in Figure 1.8.
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Figure 1.8: Experimental setup used for characterisation of Passively Mode-
Locked Lasers (PMLLs). The signal emitted from the Device Un-
der Test (dut) is distributed to several pieces of equipment to
allow simultaneous monitoring of optical spectrum, autocorrela-
tion trace and RF signal.

Devices were kept at a temperature of 20◦C throughout the whole
experiments. The light emitted from the gain section side was col-
lected using an anti-reflection coated lensed fibre2. The setup used
allowed monitoring of Intensity Auto-Correlation (IAC), Optical Spec-
trum Analyser (OSA) and RF Spectrum Analyser traces simultan-
eously, for a complete ML assessment. The following discussion
mainly focusses on the devices output power, and [6] is referred
to for a complete analysis of phase noise, pulse width, stability and
chirp of the generated optical pulses.

In both 5QW and 3QW lasers, the obtained output average power is
strongly dependent on the reverse bias applied to the SA. The 5QW

devices were strongly influenced by Self-Pulsation (SP) for low cur-
rents, and optimum ML performance was achieved for higher currents
and strong SA reverse bias, an unsuitable bias point since the excess-
ive photocurrent induced in the SA normally brings to an early failure
of the device. The typical average power emitted by the 5QW lasers is
between 2 and 6 mW depending on the SA bias.

The 3QW devices instead show an increasing average power under
mode-locked operation for increasing LSA, for all devices tested (SAs

lengths between 1 % and 6 %). The longer the absorber, the higher
the optical intensity required for saturation, with the ML region shift-
ing towards higher gain pumping, corresponding to higher optical
power. The average optical power emitted by the longest SA device
was 10 mW, showing a definite improvement with respect to the 5QW

2 OZ optics TSMJ-3A-1550-9/125-0.25-7-5-26-2-AR
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material. The advantages of the 3QW devices over the 5QW ones be-
come even more obvious if one compares the peak power of the
pulses, since 3QW devices provide pulses which are roughly two times
shorter.

The presented data confirm that a change in number of QWs from
five to three and a reduction of the modal overlap with the top clad-
ding improves the ML performance and increases the emitted power,
by increasing the gain saturation level. Furthermore, as showed in
[11, 67], the coupling efficiency to a standard single mode fibre is
nearly doubled thanks to the low far-field divergence deriving from
the modal expansion. In case of a given material with only post-
growth processing as an option, a careful adjustment of the cavity
design or the introduction of amplifying elements within the cavity
can greatly improve performance, as the next paragraph will illus-
trate.

1.5.3 Anti Colliding Pulse Mode-Locking

The analysis of techniques for harmonic ML in semiconductor PMLLs,
previously discussed, has shown that one of the disadvantages of the
CPML approach is the extreme sensitivity to any mismatch in the pos-
ition of the SA. The Self Colliding Pulse Mode-Locking (SCPML) tech-
nique, where the SA is placed in close proximity to a high-reflectivity
facet, has been proposed to tackle the problem, since the pulse non-
linearly interacts with itself inside the absorber thanks to the high
amount of feedback [65]. [68] presented a comparison between stand-
ard CPML and SCPML, showing how the pulsewidth, chirp, stability
and output power performance did not differ between the two config-
urations. It instead showed that ML performance could be improved
by placing the SA next to an anti-reflection coated facet. Despite this
being counter-intuitive, the low reflectivity of the facet reduces the in-
teraction between the forward and the back-propagating pulse, yield-
ing a nonuniform intensity profile inside the cavity. The SA under-
goes enhanced modulation while the gain region experiences less
saturation, in a configuration dubbed Anti Colliding Pulse Mode-
Locking (ACPML) [69]. Combining a larger SA modulation with a
less-saturated gain enlarges the ML region and produces narrower
pulses with increased output power. The CPML, SCPML and ACPML ap-
proaches are compared in Figure 1.9, which displays the numerical
results as obtained in [69]. The top row of the figure displays the out-
put intensities as a function of the normalised current density, and it
can be seen how the ACPML approach is the one with the least fluc-
tuations. The bottom row instead depicts the period of the produced
pulse train, which again stays the most stable across the widest range
of current densities for the ACPML case. In order to understand the
dynamics of the three methods compared, it is useful to base the de-
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Figure 1.9: Comparison of output intensities (top row) and period of the
pulse train (bottom row) as a function of the current density nor-
malised to the threshold value for (from left to right) SCPML,CPML

and ACPML. Plot taken from [69].

scription on the electric field. This develops a spatially dependent
profile which differs for each configuration and induces an inhomo-
geneity in the inversion population. The gain is maximised where
the total field is smaller, because there is less saturation. The three
cases in [69] have been compared keeping the product between the
reflectivities of left and right facet constant, so that the devices would
have the same threshold. From Figure 1.9 three regimes are evident
for all configurations: close to threshold there is a self pulsation re-
gime, followed by a region of stable ML, which persists for increasing
current until it eventually disappears or degrades for heavy carrier
injection. It clearly appears that the ACPML configuration displays the
largest region of stable ML.

An effective implementation of ACPML requires high reflectivity on
the gain section side of the device and low reflectivity on the SA side.
To achieve low back-reflection from the output cleaved facets, there
are two common methods: applying an Anti-Reflection (AR) coating
or tilting of the ouput waveguides with respect to the cleaving plane.
The first requires depositing a film on the SA facet. Several kinds of AR

coatings are available (single-layer, multi-layer, or graded-index), and
they normally imply a trade-off between anti-reflection performance
and wavelength range [70, 71]. The main disadvantage of AR coat-
ings is the complexity added to the fabrication flow, whereas tilting
the output waveguides proves much easier and straightforward, not
requiring additional processing steps. Tilting the output waveguides
can strongly reduce the backward coupling due to back-reflection, as
shown in [72]. The tilt needs to be carefully adjusted for a trade-off
between low back-reflection and efficient light collection, and a 10◦

tilt has been used for devices fabricated at the University of Glas-
gow. Output coupling can be improved even further by up-tapering
the output waveguide. This effectively acts as an integrated spot-size



1.5 high power in passively mode-locked semiconductor lasers 24

converter, expanding the mode and reducing the modal mismatch
with the lensed fibre. Care has to be taken when designing these
structures so that the mode expands adiabatically. The tilting and up-
tapering of the output waveguides optimise the modal spot for an
efficient coupling with the available lensed fibre, thus improving the
alignment tolerance, reducing the back reflected optical power, and
proving therefore an ideal candidate for low back-reflection on the
SA side. Furthermore, the tapered section of the waveguide expands
the optical mode and leads to increased SA saturation energy, shifting
the ML region towards higher pumping. However, a higher SA sat-
uration energy worsens pulse shaping performance and leads to an
increased pulsewidth, therefore careful design is needed to achieve
a good trade-off between high emitted power and optimal temporal
pulse shape.
In conclusion, ACPML technique is a promising candidate for improv-
ing the performance of CPML semiconductor lasers, as the means to
fabricate laser diodes with an asymmetric reflectivity profile would
be readily available. Unfortunately the lack of experimental data
regarding this configuration prevents its full assessment, especially
regarding the output power performance, of interest in this work.
Many other approaches to increase the output power in semicon-
ductor lasers have been proposed, with the next paragraph providing
a broad overview of the main ones.

1.5.4 Tapered waveguides

Many of the methods proposed to increase the output power in
semiconductor PMLLs rely on flared waveguides. Widening the wave-
guides causes the optical mode to expand: the higher cross-sectional
area increases gain saturation energy and therefore the maximum
achievable energy for the propagating optical pulse. Increased output
power under mode-locked operation has been demonstrated for ex-
ternal cavity hybrid ML configurations with monolithically integrated
flared gain and SA sections [73]. One issue when using tapered out-
put waveguides can be a multimodal output due to the large width at
the facet. A solution to this is to shape the gain region in an inverse
bow-tie fashion [74]: in this configuration the optical waveguide is
flared towards the centre of the device, but narrow at the optical
facets. This allows attaining the high output powers characteristic
of tapered structures while maintaining a single-mode optical out-
put. This approach has been shown to increase the achieved output
power under mode-locked operation, but so far only for external cav-
ity configurations [75], and not for devices with SA and gain section
monolithically integrated on a single chip. For that kind of devices
the output power can be increased by combining a narrow ridge SA

with a tapered gain region. The flared section has an increased ef-
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fective modal cross-sectional area, A/Γ, translating into higher gain
saturation energy and pulses with greater peak power. On the other
hand, the narrow ridge SA section acts as a mode filter and suppresses
the higher order modes. Peak powers as high as 3.6 W have been
reported from tapered quantum-dot monolithic PMLLs, with a pulse
duration of 3.2 ps [76]. Another approach, which has actually been
monolithically implemented, relies on the combination of a Master
Oscillator (MO) with a Power Amplifier (PA), in the so-called Mas-
ter Oscillator Power Amplifier (MOPA) configuration. For these sys-
tems, the relatively small output power of the MO is injected into
the Semiconductor Optical Amplifier (SOA), where amplification and
widening of the optical mode occurs. Typically the flared region is
tapered at an angle which matches the divergence of the MO beam.
For stable operation in monolithically integrated MOPA systems, the
back reflection from the SOA side must be small, so the SOA facet must
either be AR coated or have a tilted output waveguide. Given the very
small reflectivity of one facet, the opposite one must provide High-
Reflectivity (HR), either implementing a DBR grating or through use
of an intra-cavity reflector. Mode-locked operation in MOPAs has been
reported for the first time by Mar et al. in [77], with 4.1 ps pulses
with peak powers in excess of 5 Watts reported for an external cav-
ity configuration including a semiconductor PMLL and SOA. As for
monolithic devices, high output power PMLLs based on a DBR laser
with an integrated SOA has been reported in [78, 79], achieving 4.3 ps
pulses at 40 GHz repetition rate with a peak power of 1.2 Watts. The
main disadvantages of the MOPA approach are the added fabrication
complexity and the instabilities for high power emission, due to back
reflection; if a DBR is used for HR, the cavity length might be an issue
as well.

1.5.5 Broad Area Lasers

Besides flaring the waveguide in given sections of the device, the
simplest approach to increase the gain saturation energy is to have
a very broad waveguide through the entire cavity length, as it is
for Broad Area Lasers (BALs), based on a laterally wide gain region.
This kind of devices can reach output powers of several Watts, but
with very poor spatial and temporal coherence because of the non-
linear interaction between the intense optical field and the semicon-
ductor gain medium. Nonlinear phenomena cause emission to be
dominated by static and dynamic filamentation [80] and fast pulsa-
tions, generally ascribed to an incomplete lateral and longitudinal
self-mode locking which are inherent to BALs [81]. Stabilisation and
single-mode emission has been demonstrated through weak optical
feedback, provided by placing the Semiconductor Laser (SL) in an
external cavity configuration [82]. Including a SA within the cavity
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optical path has brought the first demonstration of an hybrid mode-
locked BAL, emitting 1.6 ps pulses with average power of 1 mW [83].
The stabilisation mechanism is the enhancement of the weak longit-
udinal self-mode locking through optical feedback. This is also sup-
ported by the fact that a single picosecond pulse injected in the BAL

cavity has been shown to support longitudinal ML, although only for
a few nanoseconds [84]. Eventually the longitudinal ML is reduced
due to lateral self-mode locking arising, which makes the emission
dominated by a mixture of longitudinal and lateral ML. BALs can sus-
tain stable ML of the lateral modes through optical injection at sub-
harmonic frequencies, as demonstrated in [85]. Despite the very high
achievable output powers, the generally poor ML operation when
compared to other devices and the complicated dynamics make BALs

unlikely candidates for high-power semiconductor PMLLs; the simpler
fabrication method they require though makes them good candidates
for testing the lasing characteristics of a particular material design.

1.5.6 Multi Laser Arrays

Arrayed lasers are based on evanescent coupling between adjacent
waveguides. Coherent beam combination of semiconductor lasers at
high power levels has been one of the challenges presented by Multi
Laser Arrays (MLAs) [86]. Ideally as many lasers as possible should
be coherently combined so that the power and the spatial and spec-
tral brightness are scaled with the number of elements in the array.
Continuous wave single-mode operation of MLAs has been demon-
strated through the Resonant Optical Waveguide (ROW) [87] and the
Slab-Coupled Optical Waveguide Laser (SCOWL) [88, 89] techniques,
which will not be described here, limiting the analysis to the reported
experimental results. The first observation of ML in a monolithic MLA

design has been reported in [90], achieving 5 ps pulses at 40 GHz re-
petition rate in a single QW material structure where the SA had been
formed through ion implantation at one of the facets. Mode-locked
operation has been reported also for ROW semiconductor laser arrays,
both for active and passive configuration, attaining 5.6 ps pulses with
peak power of over 3 Watts. No results are reported for ROW devices
at 1.55 µm. As explained in [91], the lack of high output power re-
ports in semiconductor PMLLs at this wavelength is due to a shorter
upper-state lifetime of the carriers with respect to devices operating
at 1.0 µm, due to increased Auger recombination. SCOWL devices al-
low increased pulse energy because of the generated large optical
mode that implies low confinement factor and waveguide losses, and
stable pulse train has been reported through PML at 1.55 µm with
10 ps pulses at a repetition rate of 4 GHz [92]. Such a low repeti-
tion rate is one of the negative aspects of SCOWL-based mode-locked
lasers: they require cm-long cavities because of the very low confine-



1.6 saturable absorber bandgap detuning techniques 27

ment factor. The shortest optical pulse reported so far in passively
mode-locked semiconductor SCOWLs was 5.8 ps wide, with an aver-
age power slightly above 50 mW [93]. It is worth mentioning that the
material platform adopted in this work is not well suited for SCOWLs,
since this kind of devices requires etching through the MQW core layer,
exposing it to air. This leads to an increased nonradiative recombina-
tion at the exposed sidewall because of etch defects and surface states:
QWs passivation techniques must be implemented not to compromise
device performance [94], making the fabrication more cumbersome
and inefficient.

1.6 saturable absorber bandgap detuning techniques

As previously discussed, the onset of the SA thermal effects leading
to the disappearance of stable ML could be shifted to higher gain
pumping by applying a blue bandgap detuning to the SA section of a
PMLL. This was one of the main achievements of this work and it will
be discussed further in Chapter 5. This paragraph will instead focus
on the various techniques which could have been used to achieve a
blue detuning of the absorber, also motivating why Quantum-Well
Intermixing (QWI) was the approach of choice.

The range of available approaches to induce a bandgap shift on
the SA is quite broad, thanks to the research interest that the combin-
ation of many optical functions on a single optical chip has raised
over the years. Photonic integration has been limited by the fact that
materials optimised for emission at a given wavelength exhibit losses
greater than 20 dB/cm if used for passively propagating the emit-
ted light. Many techniques to overcome this issue have been pro-
posed and developed over the past years, with Table 1.1 showing
the most promising so far. Some of these techniques are particularly
suitable for applying a bandgap detuning to the SA section of a PMLL,
and specifically the Offset Quantum-Wells (OQW), QWI, Selective Area
Growth (SAG) and Butt-joint Regrowth (BR) technique. For this reason
they will be discussed in more detail in the following sub-paragraphs.

1.6.1 Offset Quantum Wells

In the OQW approach [95], the material contains a passive waveguide
and a MQW active layer structure grown on top of it. The optical mode
propagates in the passive waveguide and is partially overlapping the
active layer, which provides the gain. Completely passive regions are
defined simply by etching the MQW active region and then regrowing
the upper cladding. The advantages of this approach are its simplicity
and versatility, leading to high robustness and yield; moreover, the
OQW technique is intrinsically polarisation independent. The main
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downside of this approach is that the QWs do not overlap with the
peak of the optical mode due to their offset position, translating into
the mode confinement being generally poor and requiring very long
active devices. Furthermore, after etching of the QWs and regrowth of
the cladding the sample becomes non-planar, which makes the fab-
rication more cumbersome. It is also worth mentioning that by con-
struction this technique only allows two bandgap values on a single
chip, whereas for some applications multiple bandgaps are of interest,
for example the combination of active devices, strongly blue-detuned
areas for low-loss passive interconnects and partially blue-detuned
zones for phase shifters.

1.6.2 Selective Area Growth

Between the integration approaches involving an etching step fol-
lowed by material regrowth, the SAG technique [96] is the only
one which has proved capable of providing a number of different
bandgaps across a chip in a single growth step. The starting material
has a MQW core layer embedded between an upper and lower clad-
ding. The material is etched down until complete removal of the MQW

region, then patterned with a dielectric mask prior to the material re-
growth step. Growth will take place only in areas where the dielectric
is not present, and the thickness and composition of the grown layer
will depend on the size of the gaps between the dielectric features.
After the first regrowth step, the dielectric mask is removed before the
upper cladding is regrown on top. This technique is nonplanar as the
OQW one, but it does allow multiple bandgaps on a single chip simply
by lithographical definition of different gaps between the dielectric
mask features. In fact SAG was the technique which allowed the first
demonstration of PMLLs with bandgap detuned absorbers [97], which
will be further discussed in Chapter 5.

1.6.3 Butt-joint Regrowth

This integration technique is the one offering the highest degree of
versatility, at the cost of fabrication complexity. The BR approach [98]
is based on the selective removal of the MQW core layer, to be replaced
with a material having the desired energy bandgap. Each component
to be integrated can have a unique epitaxial structure, therefore the
BR allows multiple bandgaps and separate optimisation of the various
devices on chip. Once the core layer has been regrown for all desired
structures on the sample, an additional regrowth step is required to
restore the upper cladding in those regions. This technique is defin-
itely the most versatile and the one providing the best performing
integrated devices because it allows single components optimisation.
It is worth mentioning, however, that due to the number and complex-
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ity of the required growth and fabrication steps it can be affected by
yield issues. The BR approach allowed the realisation of a monolithic-
ally integrated PMLL with different absorber and gain structure [99],
whose ML performance will be discussed in the introductory part of
Chapter 5.

1.6.4 Quantum Well Intermixing

Quantum-Well Intermixing (QWI), first described in [12], is the tech-
nique used in this work for implementing a blue-detuning in the SA

section of monolithic PMLLs. The reasons lie in it being a fully post-
growth technique, combining effectiveness, simplicity and low-cost.
This paragraph explains the QWI intermixing phenomenon, highlight-
ing the mechanisms involved and the technique performance.
QWI is the interdiffusion of atoms between wells and barriers that
takes place in a MQW system when it is subject to very high temper-
atures. From the point of view of the energy band diagram, this cor-
responds to the wells and barriers not having distinct energy levels
any more, translating into an increase in the material bandgap. The
final bandgap of a completely intermixed MQW material will be a
weighted average between the energy levels and the thicknesses of
wells and barriers prior to atomic interdiffusion. The QWI mechanism
is illustrated in Figure 1.10.

Normally, the temperature at which spontaneous purely thermal
QWI takes place lies in the range between 600 and 800 ◦C, dependent
on the particular MQW material system considered. Thermal QWI is ob-
viously not area-selective, but several techniques have been devised
to enhance interdiffusion in certain areas of the chip while suppress-
ing it in others. An effective area-selective QWI process allows the im-
plementation of a great range of applications, such as the integration
of active and passive devices, allowing multiple functionalities on a
single chip, or the improvement of monolithic lasers performance, for
example through non-absorbing mirrors.

As previously stated, the biggest advantages of QWI are its sim-
plicity and low cost, with no epitaxial regrowth or complicated chip
processing being required, and only few additional steps needed with
respect to the standard fabrication flow. Furthermore, through the Se-
lective Intermixing in Selected Areas (SISA) technique [100–102] mul-
tiple energy bandgaps on a single chip can be attained, paving the
way for integrated chips with many different functionalities, such as
phase-shifters, passive interconnects and lasers, all requiring different
bandgaps.

The most common mechanism to make QWI area-selective relies
on the introduction of point defects in designated zones of the chip
through lithography and lift-off. The material is then capped with a
protective layer, meant to protect the material in the areas where a ma-
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Figure 1.10: QWI mechanism, with the top diagram displaying the position
of the atoms with respect to wells and barriers prior to (left) and
after (right) RTA. The bottom diagrams show the bandgap of the
as grown material (left) and the increased bandgap obtained
following the QWI operation (right).

terial bandgap-shift is not required. During a subsequent thermal an-
nealing step, the created defects drive the disordering process only in
the designated areas, whereas the material structure stays unaltered
elsewhere. In order for QWI to have spatial selectivity, care must be
taken in choosing the annealing temperature to avoid interdiffusion
of atoms between wells and barriers across the whole sample.

The effectiveness of different QWI techniques is strongly dependent
on the material platform and the differences mainly lie in the way
point defects are created in the MQW material. One mechanism which
proves successful for specific materials might be totally ineffective for
others.

One way to create point defects is the introduction of atoms not
belonging to the material system to enhance interdiffusion between
wells and barriers, as it is the case for Impurity Induced Disorder-
ing (IID) [103]. The external atomic species are brought within the
material by means of sputtering or ion implantation. Another tech-
nique is the Impurity Free Vacancy Disordering (IFVD) which instead
relies on the out-diffusion of atoms from the material to a dielec-
tric cap [104]. The IFVD has shown good results for gallium arsenide
(GaAs) based MQW material platforms, given the high out-diffusion
rate of gallium atoms in dielectric caps (especially silica) provides a
high number of point defects to drive the QWI process. The QWI in
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use at the University of Glasgow, which will be dubbed “classic-QWI”
recipe in the rest of this thesis, is based on IID, as copper atoms are
included in the system to drive the QWs interdiffusion at low anneal-
ing temperature. The classic-QWI recipe will be further discussed in
Chapter 2.

1.7 chapter summary and thesis contents

This chapter has outlined the main techniques of interest for gen-
eration of narrow optical pulses with ultra-high repetition rate and
high peak power, laying the foundations of this thesis work. This first
chapter described the background to the research project, laying the
foundations of this thesis work. The motivations behind this research
work were highlighted, then some important concepts were briefly
recalled, starting with a description of the ML mechanism and later
focussing on the ML dynamics in monolithic semiconductor lasers.
A quick overview of the most well-known techniques for generation
of ultra-high repetition rate signals in monolithic devices was next,
followed by a theoretical analysis of injection locking phenomena in
semiconductor lasers. The discussion then focussed on the causes lim-
iting of the output power in monolithic PMLLs, particularly thermal
effects in SA sections of PMLLs, since they were addressed in this work.
Also previously proposed methods for increasing the emitted power
in semiconductor lasers were described. The final paragraph com-
pleted the picture of the scientific background before this work and
listed several techniques available to induce a blue-detuning on the
bandgap of a SA, with particular attention to the QWI technique since
it was used in this work.

The next chapters are organised as follows:

• Chapter 2 will provide an overview of the devices fabrication,
carried out at a multidisciplinary facility within the University
of Glasgow; particular attention will be given to the QWI tech-
nique characterisation and performance.

• Chapter 3 will describe the technique developed to generate
ultra-high repetition frequency signals through external injec-
tion of continuous wave optical lines, discussing the obtained
experimental results.

• Chapter 4 will illustrate the possible approaches for monolithic
integration of the external injection locking method discussed in
the previous chapter. It will also discuss how two coupled ring
cavities can be used to generate signals up to THz frequencies,
and present preliminary experimental results.

• Chapter 5 will show how the application of the QWI technique
to the SA sections of PMLLs can improve output power perform-
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ance, demonstrating it by experimental comparison between
standard devices and intermixed ones in terms of ML operation.

• Finally Chapter 6 concludes the thesis, summarising the at-
tained results, re-stating the novelty aspects of this work and
suggesting future research developments.



2
D E V I C E S FA B R I C AT I O N

The devices characterised in this work were fabricated at the James
Watt Nanofabrication Centre (JWNC)1, one of the most advanced aca-
demic cleanroom environments in the United Kingdom, part of the
EPSRC National Centres for III-V Technologies2. Its cleanroom space
offers state-of-the-art facilities such as an ultra-high resolution Elec-
tron Beam Lithography (EBL) tool, dry etching equipment, metal evap-
orators and advanced metrology tools.
The following sections will describe the whole fabrication process,
starting from a global overview, and later focussing on the single
fabrication flows for the different kinds of devices fabricated in this
project. Particular attention will be paid to the QWI technique and its
future developments.

2.1 overview of the process flow

The fabrication of semiconductor lasers at the University of Glasgow
has been developed and optimised by several members of the Opto-
electronics group over many years, achieving a standardised fabrica-
tion process flow. Depending on the QWI technique being applied on
the samples, different fabrication steps are required, with additional
ones needed for the intermixed case. In this work the non intermixed
devices will be referred to as “standard” or “as grown”. It will be
made clear when intermixing is included in the devices fabrication,
specifying the parameters of the process for each case.
A standard QWI technique has been used at the University of Glasgow
since many years, and despite proving effective on a variety of ma-
terial platforms, it still shows some inconsistency issues. One of the
objectives of this project has been a re-evaluation of the QWI technique,
in order to improve performance and achieve more consistent results.
The technique developed has been dubbed “Post-etch-QWI”, and al-
though needing further optimisation it shows promising preliminary
results in comparison with the traditional one, referred to as “Classic-
QWI”. The fabrication flow presents slight but key changes between
standard non-intermixed devices and those requiring the QWI tech-
nique instead, and further differentiation is present between the Clas-
sic and Post-Etch methods. An overview of the fabrication flow for the
various kinds of devices fabricated in this work is presented in Figure
2.1.

1 www.jwnc.gla.ac.uk

2 www.epsrciii-vcentre.com/Home.aspx
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Figure 2.1: Overview of the fabrication flow for the different devices fabric-
ated in the project.
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The red dotted arrows highlight critical steps that might have to
be repeated, most notably those involving lithography and dry-etch
processes. Despite the differences in fabrication flow shown in the
diagram for the three kinds of devices, there is a cluster of common
fundamental steps which are: the definition of global alignment mark-
ers necessary for multiple lithography steps; the implementation of
the optical guiding layer; and finally the steps providing the laser
with electrical biasing, like passivation, contact area preparation and
device metallisation. All these steps form the core of any monolithic
semiconductor laser fabrication, and the next section will describe
them in more detail. Latter sections will instead focus on the two QWI

techniques introduced, highlighting additional steps and differences
with respect to the standard process flow.

2.2 standard fabrication flow

This section will describe the standardised fabrication flow adopted
at the University of Glasgow for fabricating non-intermixed semi-
conductor lasers. Not being an original work of the author, only a
quick description will be provided, with a more detailed account to
be found in [105–107].

2.2.1 Electron Beam Lithography

The very first step of the fabrication process is the design of the litho-
graphy mask, which contains all the different patterns to be trans-
ferred onto the material through the EBL tool. The layout-editing tool
in use at the University of Glasgow is Tanner EDA L-Edit™, which
allows design of multi-layer masks in a cell-structured environment,
useful to build arrays of devices.
A careful mask design can compensate for some technological lim-

its encountered in fabrication, e.g. in the realisation of directional
couplers, suffering from the underetch caused by the etch lag ef-
fect [108], as Figure 2.2 illustrates. The etch lag is the phenomenon
by which the etch rate becomes dependent on the size of the gaps
between the mask features, thus chip areas with high pattern density
or very narrow features will have a lower concentration of reactive
etchants than open areas, slowing down the etch and making it de-
pendent on the area ratio between mask and open areas. The devices
for which this phenomenon is most critical are etched side-walls grat-
ings and evanescent couplers, needing a very precise control of the
etch depth for proper operation.
The lithography steps required for fabrication were carried out us-
ing a high resolution EBL tool available in the JWNC. Differently from
photolithography tools common for the Complementary Metal Ox-
ide Semiconductor (CMOS) industry, which write the whole pattern
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Figure 2.2: SEM image of the cross section of a directional coupler (two
waveguides separated by a gap d) obtained by dry etching of
an indium-phosphide based MQW material; the achieved etched
depth h1 in narrow gaps d is lower than the one obtained in open
areas h0 because of the RIE lag phenomenon.

on the material during a single exposition, EBL writes shapes sequen-
tially following a user-defined pattern. Because of this it does not
have a high throughput and therefore it is not the preferred choice
for commercial uses, but it allows high levels of resolution and pat-
tern flexibility, proving ideal for device research and prototyping. The
EBL tool at the JWNC is a state of the art Vistec VB6-UHR-EWF 100 keV
machine, with minimum spot size of 4 nm and step resolution of 0.5
nm, on a writeable field size of 1.3 mm2. The electron beam is steered
by computer-controlled electro-magnets and focussed on the sample
surface, where it exposes an electron sensitive substance (e-beam res-
ist) allowing transfer of the pattern onto the chip.
Resist is applied onto the sample by spin-coating, to obtain a uniform
layer thickness. Depending on the way the incoming electrons modify
the resist molecular structure, one can distinguish between negative
and positive “tone” resist, with two typical examples being Hydro-
gen SilsesQuioxane (HSQ) and Poly Methyl Meth-Acrylate (PMMA),
respectively.
The difference in the exposure mechanism between the two is depic-

ted in Figure 2.3, with the negative tone case having the energy of the
incident electrons cross-linking the atoms of the resist. After expos-
ure (Figure 2.3a), a chemical bath in a specific reactant will remove
the resist in unexposed areas and reveal the designed shapes (Fig-
ure 2.3c), an operation known as resist development, in analogy with
photographic techniques. A positive tone resist will instead have its
atomic bonds weakened by oncoming electrons, thus exposed areas
will dissolve in the developing solution (Figure 2.3b), as is the case for
PMMA, a polymer which has increased solubility in Methyl Iso-Butyl
Ketone (MIBK) after being hit by highly energetic electrons.
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Figure 2.3: Illustration of the different exposure mechanisms involved for
positive and negative tone resist.

Care needs to be taken to ensure the shapes transferred onto the res-
ist bear an exact correspondence in size and aspect ratio to the de-
signed ones, just as with other lithographic techniques. Because of
back-scattering phenomena, some electrons pass through the resist
layer more than one time, increasing the exposure; furthermore, areas
where pattern is dense will be affected by the neighbouring scattered
electrons more than isolated areas. This phenomenon is known as
Proximity effect and it needs to be properly accounted for, especially
for submicron-sized features. Appropriate algorithms for Proximity
Correction must be implemented, allowing a partial compensation of
such effect through modification of the amount of incident electrons
(the dose) according to the pattern density. Most proximity correc-
tion algorithms are based on fracturing a given pattern into a number
of different shapes with different dose values applied. Starting from
a given base dose, an appropriate fracturing software will define for
every single object in the design a relative dose, that is a multiplier ap-
plied to the base value depending on the shape size and on its proxim-
ity to other features on the pattern. Calculation of the correct relative
dose has to take into account how electrons interact with the material,
therefore it will differ between distinct substrates. The fracturing of
the pattern prior to EBL is normally devolved upon a software tool,
with the University of Glasgow relying on GenISys Beamer™. The
proximity correction algorithm of GenISys Beamer™ needs the user
to input the distribution of the incident electron energies versus the
lateral distance from the incidence point at a given depth in the resist
layer. The chosen depth will depend on the step following the pattern
definition. In the case of a metallisation and lift-off process, it will be
the upper edges of the resist layer that will define the deposited area,
therefore a proper proximity correction must take into account the
electron distribution at the surface of the resist. On the contrary, when
an etch mask is needed it is the geometry at surface of the substrate
that determines the size of the etched features, thus it is backscatter-
ing at the bottom of the resist layer that must be taken into account
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instead. Different post-patterning processes will require different elec-
tron distributions, meaning different proximity correction fracturing
algorithms in each case. All distributions though will present a sim-
ilar shape because of the scattering mechanisms pointed out earlier,
with the electron energies displaying a narrow peak centred on the in-
cidence point representing the forward scattered electrons, i.e. those ex-
posing the resist layer only once. A much broader contribution comes
from the back scattered electrons, which collide inelastically within the
material and bounce back one or many times, causing an increase
in resist exposure. The incident electrons energy distribution vs. the
radial distance from the incidence point, calculated at the bottom of
an HSQ 600 nm thick resist layer on top of an indium phosphide sub-
strate is shown in Figure 2.4. The trace, obtained through Montecarlo
simulations, shows how the contribution of the back-scattered elec-
trons becomes negligible more than 30 µm away from the incidence
point, which can be considered the back-scattering range for the ad-
opted material platform. This means that pixels further away can be
considered unexposed, therefore the fracturing tool will ignore any
shape beyond this range when calculating the dose multiplier.
Once the pattern is fractured into different shapes with a different
dose assigned to each one, it is ready to be submitted to the EBL tool.
The proximity correction and fracturing operation are preliminary for
every lithography step and need to be implemented before any actual
laboratory processing of the sample. The cleanroom steps involved in
the sample preparation for EBL will be discussed in the next section.
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Figure 2.4: Electron distribution vs. radial distance from the beam incidence
point. The red line in the inset highlights the interface at which
the distribution was simulated, i.e. on the surface of an indium
phosphide substrate covered with 600 nm of HSQ resist.
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2.2.2 Preliminary steps

The material described in Chapter 1 is supplied in 2 inches wafers,
while the typical size of samples fabricated at the University of Glas-
gow is 11x12 mm. All the fabrication processes have been optimised
for this sample size because it maximises fabrication yield, providing
an optimal trade-off between number of devices on chip and poten-
tial material waste arising in case of problems during fabrication. It
is desirable to fully exploit the area on the sample, also given that
the unit cost per 2-inch wafer amounts to more than £1000. A typical
mode-locked laser with a FP cavity geometry occupies an area of 0.12
mm2 (size 100 µm x 1.2 mm), so a great number of devices with sev-
eral SAs lengths can be implemented. Starting from the 2 inches wafer,
the first fabrication step is dividing it into quarters (Figure 2.5a), and
then dividing each quarter in smaller samples by scribing the wafer
along its crystallographic axis using a diamond tip; a small pressure
applied parallel to the scribe will then be enough for the sample to
cleave along that direction. Figure 2.5b shows a typical cleaving pat-
tern, allowing to maximise the area used for chip fabrication but at
the same time leaving small pieces of material useful for dose and
etch tests.
Once a small 11x12 mm piece is cleaved and ready to be used, the

first step taking place in the cleanroom environment is the cleaning
of the sample, in order to remove all organic and inorganic contamin-
ants accumulated during previous handling. The sample is immersed
in a series of solvents for a fixed time, respectively Opticlear™, Acet-
one (CH3COCH3) and Iso-Propyl Alcohol (IPA) (C3H8O); an ultrasonic
bath is used to enhance the cleaning action of the solvents, for a more
effective removal of dirt residues. After completion of the cleaning
cycle, the sample is dried using a nitrogen blow gun. IPA is used for

2 inches = 5.08 cm 

(a)

12 x 15 mm 

12 x 10 

mm 
12 x 11 

mm 

(b)

Figure 2.5: Cleaving pattern for the whole wafer (2.5a) and typical division
of a quarter wafer (2.5b) maximising material use.
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the final rinse because it does not leave drying streaks on the sample.
The following step consists in placing the sample within a chamber
filled with oxygen plasma, which acts as a mechanical etch for any
contaminants not removed by the solvents bath.
After this standard cleaning process the sample is ready for the first
EBL step, that consists of the definition of global alignment markers,
necessary for fabrication processes with multiple lithographic steps.
The standard markers in use at the University of Glasgow for fab-
rication of semiconductor lasers are metallic, made either of nickel-
chrome (NiCr) or titanium-platinum-gold (TiPtAu). The global align-
ment process is automatic and it is the operation by which the EBL

tool aligns the pattern with the ones previously written. The wafer
is loaded manually by the operator and might be rotated up to 0.2
degrees, which translates into an initial 30 µm positioning error over
10 mm. After aligning to the global markers though, the EBL tool is
able to locate any point on the sample within 1 µm. Given the import-
ance of markers for a correct alignment between the different layers
in the design, firstly they must be large enough in order to be quickly
found in spite of the inevitable loading rotation error; secondly well-
separated from each other and from other features on the sample to
allow unique identification; finally, they must provide enough con-
trast in terms of electron scattering with respect to the semiconduct-
ive substrate. Typically a square-shaped metal marker few hundreds
nanometres thick and 40 µm side, at least 100 µm away from any
other feature on the sample satisfies all those requirements. It is good
practice to check the markers condition prior to each lithography step,
because any deviation from their nominal shape might result in the
next lithographic patterns being misaligned.
The markers are fabricated using the lift-off technique (Figure 2.6),

a method very commonly used in micro and nanofabrication to at-
tain an area-selective metallisation of the sample. This process starts
by spin-coating the sample with a double layer of PMMA. The spun
layers differ in terms of molecular weight and resist concentration in

Substrate 

Resist 

(a) double layer PMMA res-
ist after exposure and
development.

Substrate 

Resist 

(b) metallisation with
NiCr or TiPtAu film.

Substrate 

(c) lift off of unwanted
metal through resist re-
moval in hot acetone.

Figure 2.6: Illustration of the different steps involved in the lift-off process.
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solution, with a less diluted and lower molecular weight one spun
first giving a thickness of 1.2 µm; the second layer will have a higher
solvent content and molecular weight, attaining 110 nm of thickness.
The differences in molecular weight between the two layers translate
into different sensitivities to incident electrons, providing the resist
with an undercut profile after exposure and development as shown
in Figure 2.6a. The following step in the marker definition process is
the metallisation of the entire sample (Figure 2.6b). Metal evaporation
is a very anisotropical deposition technique (as opposed to sputter-
coating), so the shelf-like profile prevents metal coating of the resist
side-walls. PMMA can then be used as sacrificial layer and removed
through hot acetone bath at 50 ◦C, leaving the deposited metal only
in the patterned areas, as shown in Figure 2.6c.
The cleanroom steps described so far were only preliminary and
meant to prepare the sample for subsequent steps, which are the
most important in terms of device operation and performance. The
first process after defining the markers is the realisation of the optical
guiding geometries through lithography and dry etch.

2.2.3 Waveguides definition

The definition of the physical structures to generate and guide the
optical signals is without a doubt the most crucial process in the fab-
rication flow. Any imperfection would affect the performance of the
final devices, and in a worst case scenario could jeopardise device
operation.
Implementing the optical guiding geometries on the material is a two-
step process, which starts from defining a lithographic mask on the
sample and is followed by the transfer of the pattern onto the underly-
ing substrate through dry-etching techniques, which achieve material
removal based on a combination of chemical and physical processes
which will be detailed further ahead. Given the highly reactive com-
pounds used for dry-etching the used mask must withstand the pro-
cess with minimum erosion, and last at least for the required material
etch time. One way to classify resists is by their resistance to dry-etch,
and PMMA does not perform well in that area, suffering mask erosion
badly when exposed to a reactive plasma. A harder material is there-
fore required to be used as a mask, with good resistance to dry etch.
A well established technique relies on Plasma Enhanced Chemical
Vapour Deposition (PECVD) of silica to create a hard mask; the pat-
tern would be then transferred onto the hard mask through use of
a positive tone resist and subsequent silica etch. One drawback of
this double-step method is its enhancement of the mask roughness,
directly translating in waveguide side-wall roughness after etching.
In order to minimise roughness-related waveguide losses and scat-
tering, an alternative single-step technique relying on HSQ resist has
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been used for the devices fabricated in this work. At first HSQ was in-
troduced as passivation layer of interest to integrated electronics cir-
cuits, for its compatibility with spin-coating techniques (and for this
reason it is also referred to as spin-on-dielectric or spin-on-glass)[109].
Its use as negative EBL resist has also been reported[110], showing
several advantages over other negative tone resists, the first being
that once developed it becomes chemically equivalent to amorphous
silica. It can therefore be used as a dry-etch hard mask, with better
resolution and lower roughness because of direct patterning. Its main
disadvantage is the limited shelf-life when compared to other EBL

resists, especially PMMA which displays excellent stability over time.
Since the sensitivity of the HSQ resist to incident electrons will vary
with the age of the resist dilution, an EBL test to establish the correct
dose of electrons (measured in µC/cm) is advisable, especially if very
fine features like gratings and narrow gap directional couplers are to
be written. The use of HSQ as EBL resist at the University of Glasgow
has been extensively investigated by Gábor Mezősi[107], resulting in
a reliable and stable process for use in photonic device fabrication.
After the markers definition the sample underwent another round
of standard cleaning, then it was spin-coated with HSQ resist. Before
being loaded in the electron beam machine the sample undergoes a
pre-exposure bake on hotplate to cause evaporation of the solvents.
After EBL, the HSQ pattern is developed using Tetra-Methyl-
Ammonium Hydroxide (TMAH), which allows effective removal of the
resist where it has not been cross-linked by oncoming electrons. The
development operation is timed and the TMAH solution is at a con-
stant and controlled temperature; this allows the avoidance of under-
or overdevelopment (respectively the presence of unexposed resist
residues and the removal of exposed features) and guarantees con-
sistent and repeatable results across different runs of fabrication. The
mask written through EBL is accurately inspected after development,
with this analysis carried out through use of the sole optical micro-
scope or assisted by a SEM inspection depending on the size of the
defined features. Figure 2.7 shows a scanning electron micrograph
of a sidewall grating defined onto HSQ resist. When using the SEM

to inspect the mask, care should be taken when setting the scanning
electron beam energy to avoid overexposure and deformation of the
examined shapes. If possible it is preferable to insert a test pattern
with replicas of the most critical shapes requiring SEM analysis, and
limit the inspection to that area.
Characterisation of the defined pattern is finally complete once mask

thickness data are collected by means of surface contact profilometry.
This is a measurement technique where a stylus is dragged across a
surface typically with a force of 7 mg, allowing to measure the height
of the encountered steps without damage to the structures. The ver-
tical resolution is 5 , while the lateral resolution is limited by the tip
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2 μm 

Figure 2.7: SEM image of a grating structure defined in HSQ resist.

size, with a standard value being 12.5 µm. A typical mask height for
the HSQ waveguides mask is in the range 500 to 650 nm, with the
actual thickness varying depending on the age of the resist dilution.
The combined data from optical microscope, SEM and profilometer
allow a complete assessment of the quality of the defined mask; if
there is a very good transfer of the designed shapes to the defined
pattern and if the resist is thick enough to withstand erosion due to
dry-etching, fabrication can move to the subsequent step, which will
transfer the defined structures onto the material.
Dry-etch techniques are employed instead of wet etch ones because of
their repeatability, strong anisotropy and reduced undercut, allowing
the definition of structures as small as 100 nm and below. Reactive Ion
Etching (RIE) is one of the techniques belonging to the bigger family
of dry-etching techniques. Typically, a RIE machine consists of a pres-
sure controlled chamber containing two parallel electrodes, with the
lower one holding the substrate to be etched. The reactive species are
injected in the chamber via a gas inlet; the plasma is generated us-
ing an RF signal, typically at 13.56 MHz, capacitively coupled to the
lower electrode, whilst the upper one is grounded. The reactants are
therefore transported to the sample surface, where they are absorbed.
The gases involved in the reaction have different roles in the etching
process: some ionised gases chemically react on the sample surface,
dislodging some atoms from the material through ion bombardment
in a very vertical way, delivering a very anisotropic etch profile; other
atoms are inert in the etching reaction and their only role is to remove
the by-product compounds from the surface, in order to avoid build-
ing up of residue that could mask the etching. Different gas flows,
chamber pressures, temperatures or RF power will change the charac-
teristics of the etching, making it more or less isotropic.
RIE of indium phosphide (InP) based materials is a mature research
field, given such platforms are of interest for optical communications
in the third window of optical communications (1550 nm). Several gas
combinations have been proved to produce good sidewall verticality,
etch rate and mask selectivity, with the most common ones based on
Chlorine (Cl2) and Methane-Hydrogen (CH4/H2) [111–115].
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Chlorine-based chemistries require high substrate temperatures (>
150◦C) to promote desorption of the non-volatile etch products
(InClx); moreover, their very fast etch rate increases the RIE lag, prov-
ing problematic when etching very narrow features.
For these reasons, the standard etching process for the MQW structure
used in this work is based on a methane-hydrogen chemistry. This
process can take place at room temperature and provides good vertic-
ality and negligible side-wall roughness [116]. The etch rate is much
slower than chlorine-based etching, just few tens of nm/min, but this
is beneficial in terms of RIE lag. The major drawback of this chemistry
is the formation of hydrocarbon polymers on inert surfaces, reducing
the etch rate, increasing the surface roughness and affecting the etch
anisotropy. The build up of residue on the side-walls can be mitig-
ated by introduction of oxygen, which helps polymer removal and
improves the verticality of the etch [117, 118]. Furthermore, the addi-
tion of oxygen increases the etch selectivity for the considered MQW

material platform when removing the upper InP cladding. When the
etch reaches the first confinement heterostructure at the very top of
the QWs region, the aluminium content in that layer causes it to read-
ily oxidise due to the oxygen-rich atmosphere. A thin layer of Alu-
minium oxide is thus formed (Alumina, Al2O3), bringing the etch
rate down to 1 nm/min and therefore increasing the selectivity to a
value of 30 : 1. The RIE lag is therefore strongly mitigated, hard to
reach features like the bottom of narrow gaps can be etched down to
the same depth as open areas thanks to the use of a MQW material
platform including an Aluminium-quaternary core layer. The oxida-
tion of this layer allows for a slight over-etch (normally 20% of the
time required to rich the oxidising layer) providing a uniform etch
depth across the whole sample, independently from the size of single
features or inter-feature gaps. One way to guarantee very good re-
peatability between etch runs is to rely on interferometric techniques,
which give real-time information on the layer currently being etched.
Once the etch-stop layer is reached, the trace sets on an almost con-
stant level, indicating the material is being etched very slowly. The
interferometer has been used for all samples fabricated in this project,
and Figure 2.8 shows a typical experimental trace with the signal first
displaying growing oscillations and then dropping beyond a given
etch time.
After etching the material, the quality of the waveguides in terms of

side-wall roughness and verticality is assessed through SEM inspec-
tion, while the profilometer is used to check the target etch depth of
1920 nm has been attained. An SEM image of an etched grating struc-
ture is shown in Figure 2.9. If the post-etch inspection is satisfactory,
the mask can be removed through wet etching in a dilution of water
to Hydrofluoric Acid (HF).
After completion of the dry etching step and removal of the HSQ mask,
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Figure 2.8: Interferometric signal obtained while etching the 5QW material.

the sample is cleaned in acetone and IPA (without the use of an ultra-
sonic bath to preserve the fragile etched features), in preparation for
the following step, the passivation and quasi-planarisation of the fab-
ricated structures.

2.2.4 Passivation and Contact Area Preparation

It is vital to provide electrical isolation between the open areas and
the surface of the guiding structures for semiconductor lasers to oper-
ate properly. Current has to flow between the p-doped and n-doped
cladding, with carriers being injected from the top of the waveguides
only where active optical guiding geometries are present. Isolation
has to be provided also for the most upper layer of the material, e.g.
between the gain section and the SA of a PMLL or between an active
device and a passive interconnect.
The deposition of several hundreds nanometres of dielectric is a
largely diffused electrical isolation technique, with the most common
choice in microfabrication falling either on silica or silicon nitride. The
latter has a higher static dielectric permittivity value of 7.5, whereas
silica has a value of 3.9. Both dielectrics can be deposited through
several techniques, such as PECVD and Low Pressure Chemical Va-
pour Deposition (LPCVD); both deposition methods normally operate
at high temperatures (> 300◦C) but in case of particular substrates in-
tolerant to high temperatures Inductively-Coupled Plasma (ICP) tech-

3 μm 

Figure 2.9: SEM image of an etched grating, substrate tilted by 45◦.
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niques can be used, allowing films deposited at room temperature.
For the semiconductor lasers fabricated in this project PECVD silica
was used as electrical isolation, being fully-compatible with the quasi-
planarisation technique which was adopted to guarantee metal con-
tacts with good uniformity. The necessity for quasi-planarisation will
become obvious shortly.
The standard deposition techniques used to metallise contact areas
are sputtering or evaporation. The latter is a very vertical deposition
and proves problematic in terms of contact pads uniformity across
material “steps”, i.e. waveguides and trenches, because the vertical
side-walls of the structure end up not being coated. On the contrary
sputtering deposition is not very directional, especially when the
“rocking” technique is applied to make sure the deposited layer is uni-
form, with this method consisting of multiple deposition runs with
different tilts applied to the sample. Despite producing an improved
contact pads uniformity across non-planar geometries, it comes at
the price of lift-off issues because the resist side-walls are continu-
ously coated as well. It is therefore advisable to make the sample
more planar after the waveguide definition in order to allow the use
of metal evaporation techniques. The starting morphology of the sur-
face following dry etch is uneven, and if only PECVD silica is used for
electric isolation planarity will not improve, being PECVD a very iso-
tropical technique. The passivation layer can be levelled through the
quasi-planarisation technique, consisting in the application of a layer
of spin-of-dielectric. For this purpose HSQ is used, since as previously
stated it can very conveniently be used both as EBL resist and as pas-
sivating spin-on-dielectric. For this purpose HSQ resist is spin-coated
on the sample following a silica deposition of 200 nm; resist curing
is then attained through one hour oven bake at 180◦C. The relatively
high baking temperature causes the resist layer to cross-link, making
it in fact equivalent to a layer of amorphous silica. Because of the
large thickness of the spun layer and the oven bake curing, cracks ap-
pear on the dielectric surface, thus another layer of PECVD silica with
100 nm thickness is needed to smooth the surface prior to the next
step. Figure 2.10 shows the cross section of a completed device where
the effectiveness of the quasi-planarisation process can be observed,
especially in terms of the deposited metal planarity.
The next fabrication step consists in carrying out a pre-annealing

of the sample. The reason for this lies in the fact that deposition of
silica in a PECVD reactor is achieved through chemical reduction of
silane (SiH4), and a hydrogen residue is always present in PECVD

silicon-containing dielectrics, sometimes as high as 8 %. The hydro-
gen incorporated in the silica layers can be detrimental because it
could reach the passivation film surface during the annealing of the
contacts, causing bubbling of the upper metallisation and hindering
the whole fabrication process. For this reason the sample underwent



2.2 standard fabrication flow 48

2 μm 

Figure 2.10: SEM image of the cross section of a completed FP laser.

RTA at 380◦C for one minute (the same temperature used for anneal-
ing of the contacts) before continuing the fabrication.
The selective patterning and etching of the isolation layer where car-
rier injection (or depletion) occurs came next, and it was carried out
through spinning and EBL of a double-layer of PMMA resist on top of
the isolation silica. This lithographic step is similar to the definition
of global alignment markers, with the only exception of the proxim-
ity correction algorithm applied. Whilst for lift-off processes the con-
sidered electron energy distribution for proximity correction must be
the one at the surface of the resist, for contact windows etching it
is the distribution at the bottom of the resist that needs to be taken
into account. Once the PMMA is exposed and developed, dry-etching
of the silica isolation layer takes place, by a fluorine based gas mix-
ture (CHF3/Ar). This etch recipe gives a good etch rate of silica (30
nm/min) and excellent selectivity with respect to the underlying ma-
terial cap layer, allowing a slight over-etch to ensure the upper surface
of the waveguides is cleared of any dielectric residue.
The quality of the silica etch is then assessed through an accurate
optical microscope inspection. All dielectric must be removed where
needed, or otherwise the electric performance of the lasers will be af-
fected, especially their series resistance. The effectiveness of the etch
is checked by inspecting the widest waveguides on the chip, normally
the output tapers, where complete etching of the isolation layer en-
sures a successful etch everywhere given the quasi-planarisation spin-
coated HSQ will be thicker on top of wider structures. Once the optical
microscope inspection of the sample is judged satisfactory, the PMMA

mask can be removed through oxygen plasma ash; the oxygen ions
will also mechanically strip the sample surface from any residues,
preparing it for the next and final steps.

2.2.5 Metallisation and Final Steps

As already pointed out, sputtering deposition lacks in directionality,
being based on an ionised gas (typically argon) mechanically dis-
lodging atoms from the metal target, atoms which then fly ballist-
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ically onto the sample following random walks.
In a evaporation chamber instead, a high energy electron beam is
magnetically focused on a crucible containing the desired metal; the
high energy delivered by the incoming electrons produces metal evap-
oration. The evaporated metal atoms then travel to the sample, follow-
ing almost vertical patterns thanks to the high vacuum in the chamber
(10−7 mbar). Once on the sample the metal atoms experience a direct
transition from vapour to solid phase. Thanks to the implementation
of the quasi-planarisation technique metal evaporation can be used,
minimising lift-off related issues. The absence of a quasi-planarised
layer would cause a thinner or absent metallisation on the sides of
the waveguides, which would prevent current being delivered from
the big contact pads to the p-type layer or would fuse for high carrier
injection.
One last lithographic step is necessary for definition of the contact
pads shapes, prior to metallisation and lift-off. Again a double layer
of PMMA is used, and the pattern is written using EBL. After resist ex-
posure and development the sample undergoes a slight oxygen ash
to cleanse possible resist residues from the developed areas, but a re-
duced power and time is used with respect to the previous cleaning
process given the fast etch rate of PMMA in oxygen plasmas. Immedi-
ately before metal evaporation a de-oxidising chemical bath in diluted
hydrochloric acid is used to remove any native oxides and provide a
lower device resistance and a better contacts adhesion on the mater-
ial top layer. The p-contact metallisation consists in a triple layer of ti-
tanium (Ti), platinum (Pt) and gold (Au). Titanium is used to promote
adhesion of the contact pads to the isolation layers, because thanks
to its reactivity it quickly oxidises, adhering well to the underlying
silica. The presence of titanium is penalising in terms of conduct-
ivity though, therefore a 30 nm layer is deposited as a compromise.
The subsequent 60 nm of platinum serve mainly as a diffusion barrier
between the surrounding layers. Finally 240 nm of gold are deposited
to enhance the sheet conductivity and prevent the contacts oxidation,
allowing reliable testing of the devices. Following metal evaporation,
definition of the contact pads is completed by lift-off using a hot acet-
one bath.
The next process is the mechanical thinning of the substrate, to at-
tain a better thermal conductivity for the lasers and an easier device
cleaving. The sample is mounted face down on a glass carrier using
a layer of photo-resist as adhesive; it is then manually thinned to a
thickness of 200 µm, starting from 360 µm. Thinning of the substrate
is achieved through abrasion through a mixture of water and 4 µm
sized alumina particles.
After the thinning process, the sample is cleaned in hot Opticlear™,
hot acetone and hot IPA, to allow removal of all contaminants accu-
mulated during the thinning, which had to be carried out outside
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the cleanroom environment. The hot acetone bath also allows re-
lease of the chip from the glass mount, dissolving the photoresist.
Prior to the final n-contact metallisation the sample is mounted face
down on a glass carrier again (to allow metallisation across the entire
area), and the bottom surface is de-scummed through oxygen ash
and de-oxidised in the hydrochloric acid solution, as for the p-type
contacts case. A metal layered structure composed of Au/Ge/Au/N-
i/Au (14/14/14/11/240 nm) is deposited, using again the evapora-
tion technique. A final RTA step at 380 ◦C for one minute is carried
out to alloy the different metal layers and to make the gold atoms
diffuse in the n-type region, for an enhanced electrical preformance
of the lasers.
The very last operation of the fabrication process consists of separat-
ing the different devices and mounting them onto a suitable support
for characterisation. The sample is therefore cleaved in different bars,
and since all devices fabricated in this work are edge-emitting, the
cleaving operation must provide a facet with optical quality, to collect
the light emitted from the output tapered waveguides using lensed
optical fibres; the same technique described earlier to divide the ma-
terial wafer into small pieces is used.
Finally, each bar is mounted on brass sub-mounts using a double-
component conductive epoxy glue. The sub-mount serves as the com-
mon ground contact for the lasers, for heat dissipation and mechan-
ical support, and makes the devices ready for testing.
This section illustrated the fabrication flow in its entirety for devices
not exploiting the QWI technique. The intermixing method used in
this work and its possible developments for future chips will be de-
scribed in the next section.

2.3 quantum well intermixing , ”classic“ recipe

As previously stated, the material under investigation in this work is
an aluminium-quaternary based MQW system. Both the 3QW epitaxial
structure and the commercially available 5QW design have been used
in this work: the first for fabricating semiconductor PMLLs, given its
superior ML performance (as stated in section 1.5.2), and the latter
for fabrication of SRLs exploiting the Vernier effect, which will be de-
scribed in Chapter 3. Devices based on curved geometries cannot be
fabricated on the 3QW platform because the reduced optical confine-
ment factor Γ causes an increase in the bending losses.
The Classic-QWI technique has been extensively applied to the 5QW

material structure by McMaster for implementation of passive inter-
connects and phase shifters within an integrated platform [106]. Mc-
Master optimised for the 5QW material the technique that had been in
use at the University of Glasgow over many years, based on the early
work by Marsh and then further developed by Kowalski et al. [119].
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As for the 3QW material platform, the Classic-QWI process has been
exploited in this work to analyse changes in ML operation induced by
an absorber bandgap shift in PMLLs.

The classic recipe is based on a number of steps, the first being
the definition of global alignment markers just as it happens for the
standard fabrication flow case. As shown in Figure 2.1, the classic-
QWI recipe requires the use of etched recessed markers, being the high
temperature annealing step incompatible with metallic ones. Defini-
tion of this kind of markers requires a number of processes similar
to those implemented for the contact windows in the standard fab-
rication flow, first of all the deposition of a 200 nm PECVD silica film.
The sample is then spin-coated with a double-layer of PMMA, and the
markers pattern is transferred onto the resist through EBL. The un-
derlying silica is then etched in unmasked areas using a CHF3/Ar
chemistry, as for the contact windows. Differently from that case,
after PMMA removal the patterned silica is kept as hard mask for a
subsequent dry etch step, which will remove the material upper clad-
ding and reach down to the first aluminium-containing layer. The
chemistry is the same one used for the waveguides definition. Since
the etch depth is limited to ∼2 µm because of the etch stop layer and
the electron contrast provided by the material step is much lower than
the metal-semiconductor case, a 40 µm square geometry would not
be identifiable by the EBL tool and would cause the global alignment
process to fail. For this reason when recessed markers are needed a
square with 10 µm side is used, providing a good trade-off between
ease of patterning and contrast for the electron beam. Once the mark-
ers geometries are etched onto the material, the silica used as dry-etch
hard mask is not needed any more and can be removed with diluted
HF. It is worth mentioning that direct EBL writing of HSQ resist could
have been an alternative to PECVD silica patterning and etching, how-
ever the latter option has been preferred since it allows optimisation
of cleanroom resources, and the slightly increased roughness of the
markers inner side-walls is not a hindrance to the global alignment
operation.

Once the recessed markers have been written and the QWI mask
defined, sputtering of the sample takes place, first with deposition of
a thin copper film (∼2 nm) to enhance the atoms interdiffusion; this
first layer is followed by 45 minutes of silica sputtering deposition
(amounting to ∼200 nm). Sputtering has been preferred over PECVD

deposition because it makes the process more effective, by increas-
ing the amount of generated point defects. Furthermore, the use of
a multi-target sputterer allows the double layer to be deposited in a
single run, while keeping the sample always under vacuum. After lift-
off of the masking resist, the sample is coated with a protective layer
amounting to 200 nm of PECVD silica, since this second film has been
found to suppress spontaneous interdiffusion where the sputtered



2.3 quantum well intermixing , ”classic“ recipe 52

layer has been lifted off [119]. The subsequent step consisted in the
RTA of the sample for one minute at a high temperature, with the
chosen set point depending on the required energy bandgap shift.
During the high temperature annealing step the sample is capped by
a semi-insulating GaAs piece, to prevent phosphorus desorption from
the material without introducing atoms not belonging to the MQW sys-
tem. Previous work by McMaster [106] has shown that the attained
bandgap blue shift varies from 30 nm at 650 ◦C to 110 nm at 675 ◦C.
These values are to be taken as an indication, since this technique
does not excel in controlling the amount of obtained QWI, mainly due
to the variability in the thickness of the copper layer. After RTA both
the sputtered and the PECVD silica are removed through wet etch in
diluted HF, and the following fabrication steps are the same as the
standard fabrication flow, starting from the waveguides definition.

The classic-QWI process shows a spatial resolution worst than 60
µm, and this is due to the effect of high temperature on implanted
impurities. Copper atoms have a very high diffusivity, and while
moving down to the quantum well region it also diffuses laterally,
limiting the process spatial resolution and imposing a minimum dis-
tance between as grown and bandgap-shifted features. Unfortunately
the introduction of this metal ion is necessary, being very effective in
driving QWI at relatively low annealing temperatures, and given that
indium phosphide based materials rapidly degrade for very high tem-
peratures. A very precise control of the amount of sputtered copper
would be beneficial, few atomic layers would be enough for an ef-
fective disordering of the quantum wells. Decreasing the thickness of
the sputtered copper has been actively sought, but for thicknesses
of around one nanometre the sputtered layer starts to show non-
uniformity, with some areas of the sample left uncoated.

Another detrimental consequence of QWI using the classic recipe
is the performance degradation shown by active devices, even when
these are far away from intermixed areas. This is due to gain de-
gradation in the material, more precisely the MQW material used in
this work starts to deteriorate at relatively low temperatures (650 ◦C),
mainly because of atomic desorption from the upper cladding layer
and because of the upper cladding p-dopant (Zinc) diffusing towards
the undoped QWs, affecting lasing operation. This is unfortunately a
distinctive feature of the considered material platform, since QWI has
been reported for other quantum well systems without any notice-
able gain degradation on the intermixed devices, even at much higher
annealing temperature (generally above 700◦C, and up to 850◦C for
GaAs based systems) [101].

The main issues affecting the classic QWI technique regard thus the
spatial resolution and the control of the amount of copper, as well as
the gain degradation in the MQW material. The next section will de-
scribe the work undertaken to tackle both problems and the attained
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Figure 2.11: Ion ranges distribution for the case of 4.25 MeV Phosphorus
ions implantation into an Indium Phosphide substrate with a
600 nm HSQ mask, as shown by SRIM.

results. When developing possible new QWI recipes, care has been
taken in order to standardise the proposed processes so that they
could guarantee consistent and reliable results over repeated fabrica-
tion runs.

2.4 quantum well intermixing , post-etch recipe

Several ways have been explored to improve the spatial resolution
of the standard QWI recipe, and address the collateral gain deterior-
ation. One way to achieve beneficial results on both fronts would be
to deliver the QWI-driving impurities in direct proximity of the wave-
guide core. This approach would have several advantages: first of all,
the impurities introduced in the material would not have to diffuse
through the upper cladding but a much shorter distance, reducing
the intermixing temperature; hence their lateral diffusion would de-
crease as well, improving the spatial resolution with respect to the
classic-QWI technique; moreover, RTA at lower temperatures would be
beneficial in preserving the quality of the crystal, and also the gain
characteristics would be less altered.
The most obvious way to bring atomic species not belonging to the

material system in direct vicinity of the quantum wells would be to
rely on ion implantation. The advantage of this approach would be
the possibility of implanting virtually any element, independently of
its diffusivity in the material under consideration. Simulations were
carried out using the SRIM software3, able to calculate for any atomic
species the implantation energy required to reach a given depth in-

3 http://www.srim.org/

http://www.srim.org/
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side the specified substrate. The ion range distribution obtained by
the software for the case of 4.25 MeV Phosphorus implantation into
an indium phosphide substrate is displayed in Figure 2.11, with such
energy value providing a stopping range of 1.92 µm into the sub-
strate, corresponding to the start of the MQW region. A number of
different implanted ions and energies were simulated, with the res-
ults always showing at least several MeV necessary to reach the MQW

region, thus damaging the crystal and hindering the gain. A partial
recovery would be possible through a post-implantation RTA process,
which would “heal” the crystal. These potential issues together with
the unavailability of an ion implanter within the University of Glas-
gow, requiring the samples processing to be outsourced (and hence
increasing the processing time and costs), resulted in the ion implant-
ation option being discarded.
An alternative way to bring the impurities in close proximity of the
quantum wells would be to move the QWI step after the definition
of the waveguides. As previously stated, the optically guiding struc-
tures are defined by dry etch to a depth of 1920 nm, where the first
aluminium-containing layer is encountered, acting as a stop etch layer.
Deposition of the atomic species driving the QWI process next to the
waveguides could exploit lateral diffusion of the introduced impurit-
ies and intermix the quantum wells also in the waveguide core. Fig-
ure 2.12 illustrates the difference between the Classic-QWI process and
a post-etch QWI one in terms of impurity diffusion dynamics. For a
successful exploitation of the lateral diffusion mechanism, the spa-
tial resolution should be small enough to achieve a good selectivity
between intermixed and active areas, but also large enough to in-
termix the core of standard single-mode waveguides. These have a
width which is typically 2 or 2.5 µm for the 5QW and 3QW mater-
ial respectively, thus a QWI post-etch process should have a spatial
resolution worst than a few µm. This approach could be unsuitable
for devices exploiting interaction of multiple modes, for example to
attain passive Multiple Mode Interference (MMI) couplers, or for adia-
batic output tapers.
The implementation of the QWI step after defining the waveguides

together with the need for non-metallic markers because of the high
annealing temperatures could turn to be an advantage, and actually
reduce the total number of EBL steps with respect to the classic-QWI

recipe. From a global alignment operation point of view, square pil-
lars in the centre of an etched area would be equivalent to recessed
markers, as they would provide the same contrast for the incoming
electrons. The “raised” markers pattern could be combined with the
waveguides one, and they could be written together by EBL, sharing
a lithography and dry etch step and ensuring good alignment. This
approach could also be used for the fabrication of non-intermixed
devices, skipping the first lithography, metallisation and lift-off step;
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Figure 2.12: Comparison between impurity diffusion mechanism during the
RTA step for the Classic-QWI case (2.12a) and the post-etch-QWI

case (2.12b).

the only downside would be that a repetition of the first EBL step in
case of excessive pattern rotation would be more costly in terms of
EBL time wasted, especially considering that the waveguide pattern is
the one needing the longest EBL time, being written with the highest
resolution.

The most straightforward way to intermix the sample after the
dry etch step would be a direct transfer of the classic-QWI technique.
Unfortunately moving the QWI step after the waveguide definition
without any change in the parameters can prove problematic: the ini-
tial layer of copper, although only ∼2 nm thick and a necessary pres-
ence to create point defects in close proximity of the QWs, would rep-
resent a major impairment to the modal propagation being de facto
a metal sheet placed next to the waveguide core. The sputtered cop-
per would then need to be removed prior to passivation if the classic
recipe is to be applied to etched devices. This issue only arises when
application of the classic-QWI recipe is sought for the etched mater-
ial; normally the presence of a sputtered copper sheet ∼2 µm above
the waveguide core does not affect the mode propagation. Further-
more, in order to avoid a high copper content degrading the heavily
doped cap-layer, for the classic-QWI recipe the intermixing windows
are lithographically defined at a given distance from the waveguides,
exploiting the lack of spatial resolution to preserve the material char-
acteristics. This means that the areas where the QWI pattern is defined
are removed by the subsequent dry etch together with the upper clad-
ding. In order to allow application of the classic recipe to etched
devices, several approaches were tested for removal of the residual
copper layer from the areas next to the waveguides core.
Unfortunately the diluted HF, used to remove the HSQ mask and the
sputtered silica, does not affect copper and the most common cop-
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per wet etchant, nitric acid, also attacks indium phosphide proving
unsuitable. A number of chemicals such as hydrochloric acid and po-
tassium hydroxide were tested for copper removal from the top of the
aluminium-containing core layer, but they proved either ineffective
in removing the sputtered layer or they were attacking the material
as well, as comparative Photo-Luminescence (PL) measurements (not
shown) before and after copper removal showed.
In order to overcome this limitation a different kind of recipe has
been developed, based on embedding the necessary copper impur-
ities within the silica cap used for QWI. This ensures the copper in-
corporated in the dielectric film is removed by the dielectric etchant
when stripping off the deposited silica. Furthermore, it allows bring-
ing the amount of copper down to the lower limit required for in-
termixing. One of the reasons the classic-QWI process displays im-
perfect performance is most likely related to the amount of intro-
duced impurities, well in excess of the minimum required quantity
for an effective interdiffusion. Sputtering copper and silica in two sub-
sequent steps does not allow bringing the metal layer down to a thick-
ness lower than ∼2 nm because of the deposited film becoming non-
homogeneous. Inclusion of copper within the silica layer provides a
way to overcome this issue. A good control of the amount of copper
included in the silica layer translates into a good control over the QWI

process.
Several methods to embed copper atoms in silica layers have been re-
ported. One of them relies on the dilution of cupric naphtenate within
an HSQ solution [120]. The copper-doped HSQ can then be used as an
EBL resist to define the intermixing areas. Another alternative is the
impregnation of silicon dioxide with appropriate amounts of copper
nitride in aqueous solution [121]. This technique can be applied to a
sputtering target, allowing deposition of a copper-doped silica layer.
The implementation of such methods requires chemicals not read-
ily available at the JWNC, so preference has been given to a simpler
but effective method, that consists in combining the sputtering depos-
ition of silica and copper in a single run, simply through application
of a small piece of copper on the sputtering target. The sputtering
parameters used are those of the silica deposition alone; given the
configuration of the available sputterer, with the target used as cath-
ode at the bottom of the chamber and the sample clamped on the
anode at the top, the copper has been simply placed on the silica
target without any glue or adhesive. Prior to sputtering deposition,
the copper undergoes an acid cleaning step in diluted hydrochloric
acid for de-oxidisation, in the same way the contacts area is prepared
before metal evaporation. A number of 5QW samples have been pre-
pared by etching them down to the top of the core layer, and several
copper pieces of varying dimensions have also been prepared, since
the amount of copper required is an unknown variable. The pieces of
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5QW material have been sputtered with silica containing different cop-
per percentages, and subsequently cleaved in 2x2 mm squares, each
one to undergo RTA at a different temperature. Care has been taken to
place the copper always in the centre of the sputtering target, to guar-
antee plasma disuniformities do not compromise data evaluation. For
the same reason, samples have always been mounted in the centre of
the holder. The PL signal of each 2 mm square has been measured us-
ing the setup in Figure 2.13 prior to the annealing process, to provide
reference data on PL intensity and wavelength. The PL setup consists
of a continuous wave Nd:YAG laser with a wavelength of 1064 nm.
Light from the laser is coupled to a multimode optical fibre through a
20X objective; the fibre is then connected to one of the outputs of a Y-
coupler, whose single end is used to deliver the light onto the sample
surface. The sample is kept at 77 ◦K by immersion in liquid nitrogen,
to minimise non-radiative recombination and record a clearer PL spec-
trum. The light from the sample is collected from the second output
of the Y-coupler, which inputs to an Agilent 86146B OSA for monitor-
ing. The material is designed to emit in the centre of the C-band, at
1550 nm, but the lattice shrinkage due to the low temperature causes
the observed PL peak to be ∼1420 nm. This is the typical wavelength
observed before the QWI step, independent of the PL measurement
taking place before or after the waveguide definition step.
After measuring the PL signal for all samples to be annealed, to ac-

count for PL disuniformities due to epitaxial growth and evaluate
shifts more precisely, RTA is carried out for one minute at various
temperatures, ranging from 550◦C to 625◦C. After completion of the
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Figure 2.13: Schematic of the experimental setup used to measure the Photo-
Luminescence of the MQW samples at criogenic temperature.
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annealing step, the PL of every sample is re-measured and compared
with the corresponding pre-annealing trace to check if any blue shift
in the material bandgap has occurred, or if the PL signal intensity dis-
plays a significant drop. The samples under test differ for the amount
of copper incorporated within the silica film; the copper pieces of
various sizes that have been placed in the centre of the sputtering
target occupy a given percentage of the target total area, with values
of 0.3 %, 0.15 % and 0.075 %. The results obtained in terms of energy
bandgap shift and intensity drop for the PL signal are shown in Fig-
ure 2.14.

As Figure 2.14a shows, the maximum obtained bandgap shift spans
from 240 nm, obtained for a copper content in the sputtered silica of
0.3 % when annealed for a minute at 625 ◦C, to a shift of just 10 nm
for the same RTA temperature, when no copper is included in the de-
posited film. Figure 2.14b also shows that the highest bandgap shift
attained corresponds to a large drop in intensity for the PL signal. This
decrease in intensity is less severe when the copper content in the de-
posited film is reduced. The dynamics causing the weakening of the
PL signal are very complex, and numerous phenomena are thought to
contribute, firstly a component of material damage is certainly due to
the introduced copper atoms; furthermore, the point defects created
in the quantum well region will drive the interdiffusion process but
also act as non-radiative recombination centres; finally, the composi-
tional profile of the core layer will change, with the wells becoming
more shallow and less able to trap carriers, which then recombine in a
non-radiative way. This last phenomenon is not directly related to the
introduction in the material system of external atomic species, but it
is rather an intrinsic characteristic of intermixed quantum wells. The
limited amount of point defects introduced through pure silica sput-
tering and the spontaneous thermal interdiffusion of atoms between
wells and barriers explains the 6 dB drop in PL intensity still observed
at 625 ◦C even without the presence of copper.

A multiple cycles annealing approach has been proposed as a way
to recover the damage brought to the crystal during the sputtering
and annealing steps, consisting in the samples undergoing many
cycles of RTA at lower temperatures after the main one [122]. This
allows the introduced impurities to diffuse out of the QWs region,
and at the same time it has a “healing” effect on the crystal structure,
allowing it to recover the previous damage. One aspect needing care-
ful consideration is the choice of the annealing parameters and their
difference between the first and the following RTAs, since the initial
one needs to drive interdiffusion of atoms between wells and barriers,
while the successive ones need to be carefully chosen and tuned to
restore the quality of the crystal while avoiding at the same time any
further bandgap shift.
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Figure 2.14: Measured energy bandgap shift (a) and intensity drop (b) for
the Photo-Luminescence after sputtering and annealing with
several temperatures and copper content.
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The multiple cycle annealing approach has been tested on the set of
samples whose results have been previously shown: they have under-
gone another cycle of RTA of one minute duration, at a temperature
50◦C lower the the first annealing. PL spectra have been acquired after
every successive annealing. Results have showed an average 3 dB re-
covery in intensity for the PL signal, suggesting this could be a prom-
ising improvement to the current technique. However, annealing the
samples multiple times has also caused an additional bandgap shift
varying between 20 and 50 nm, dependent on the copper content and
the temperature of the first annealing. This happens because once the
intermixing threshold has been overcome the atoms are more likely
to interdiffuse, and additional QWI will take place also for temperat-
ures initially showing no shift. This is an undesirable feature because
it adds a variable to the proposed QWI recipe, making it less control-
lable. Because of the time constraints associated with the project, the
multiple cycles annealing approach was not investigated further. Fol-
lowing the encouraging results from the preliminary PL tests after a
single RTA step, characterisation of the new technique carried on by
assessing the process spatial resolution.

2.4.1 Post-Etch QWI: spatial resolution and Lift-Off

The assessment of the spatial resolution posed some hurdles in the
fabrication process. These had to be overcome before moving on to
the implementation of the final devices. The main difficulty regarded
the definition of the QWI areas after the waveguide definition step. For
the classic-QWI recipe, sputtering deposition takes place at the start
of the fabrication flow, when the sample is planar, therefore a double-
layer of PMMA gives enough undercut for an effective lift-off process
and a good definition of the QWI pattern, despite the lack of aniso-
tropy of the silica sputtering deposition. With the QWI step taking
place after defining the waveguides, the surface of the sample is not
planar any more and a double layer of PMMA is not enough to guaran-
tee an effective lift-off of the sputtered film, since the resist amounts
to a total thickness of just 1.3 µm in open areas and is thinner next to
the waveguides. A lift-off preliminary test was carried out by defin-
ing a QWI pattern on a bi-layer of PMMA, followed by copper-doped
silica sputtering deposition and hot acetone bath. Figure 2.15a shows
the bi-layer test results, where it can be seen how the lift-off process
worked only partially, and how the edges of the silica-deposited area
present film shards and a rough outline.

The development of a different lift-off technique was therefore
needed before moving on to the actual spatial resolution test samples.
In an effective lift-off process it is essential to avoid the so-called res-
ist “flow”, which is the softening of the resist edges occurring when
a developed resist pattern is exposed to temperatures greater than its
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Figure 2.15: Comparison of the QWI sputtered silica pattern obtained after
lift-off for a bi-layer of PMMA used as a mask (left) and for a
quadruple layer (right).

glass transition temperature, typically in the range 110− 130◦C for
PMMA. The rounded edges would not show any undercut and make
the lift-off process ineffective. The sputtering deposition might cause
resist softening because of the increase in substrate temperature, due
to the deposited species source radiation, the condensing heat of the
growing film and the kinetic energy of the ions. There are mainly
two possible workarounds to resist softening: the first one is to focus
on heat transfer and removal dynamics to remove as much heat as
possible from the sample while it is being deposited; another possib-
ility is to change the lift-off resist for a more thermally stable one.
The two EBL positive resists directly available at the JWNC are PMMA

and ZEP™, and none of them has a very good thermal stability [123].
Since the EBL optimisation of a new resist would have required a very
long time and its necessity was not ascertained, before embarking
in the optimisation of a completely new fabrication process further
preliminary tests were run, to understand if the lift-off issues were
effectively caused by resist flow or simply by an insufficient PMMA

thickness.
All structures fabricated are etched to a thickness of 1.92 µm; the HSQ

mask (having a typical thickness of ∼600 nm) used during the wave-
guide definition step is kept on the sample also during the QWI step
to prevent copper atoms from penetrating into the heavily-doped top
layer, where they would hinder the electric performance. The differ-
ence in height between the protruding features and the etched area
is therefore ∼2.5 µm. Given the isotropy of the sputtering mechan-
ism and the fact that the thickness of the deposited sputtered silica
is ∼200 nm, a quadruple layer of PMMA was used, consisting of a
triple layer with lower molecular weight (having a total thickness of
∼3.7 µm) surmounted by a higher molecular weight film (∼100 nm
thick). Several EBL tests were carried out in order to optimise the elec-
tron dose and to correct for proximity effects; once found the right
set of parameters for a good transfer of the designed pattern, the ef-
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Figure 2.16: Schematic of the two different patterns designed for determin-
ing the spatial resolution of the post-etch QWI process.

fectiveness of the multi-layer resist for the sputtered silica lift-off was
assessed. Figure 2.15b shows the lift-off results after sputtering depos-
ition of copper-doped silica for a quadruple PMMA layer, and it can be
seen how there are no silica shards or rough edges in the sputtered
film, proving the effectiveness of the optimised recipe.
The following step was designing a pattern to assess the new QWI pro-
cess spatial resolution, which was an unknown variable that could
range between few microns and several hundreds in a worst-case
scenario. Since the implemented design had to provide useful inform-
ation over a wide range of possible resolution values, the mask in-
cluded two types of pattern, one to allow a fine assessment in case
the spatial resolution fell below few microns and another for a more
coarse assessment. Both designs are shown in Figure 2.16, with the
first consisting of an array of waveguides with widths varying from
1 µm to 5 µm, completely covered in copper-doped sputtered silica,
as Figure 2.16a shows. In case the created point defects have very
limited lateral diffusion, the narrowest waveguide will show a higher
degree of intermixing with respect to the widest, with the spatial res-
olution easily inferred from simple transmission measurements. Adja-
cent waveguides were spaced by 25 µm to suppress mutual coupling
of the propagating modes. The second type of pattern consisted of
an array of 25 µm-spaced waveguides whose width was fixed to 2
µm, with the copper-doped sputtered silica deposited next to them
at varying distances from 0 µm to 100 µm, as shown in Figure 2.16b.
Several bars containing both designs were included into a spatial res-
olution test sample. Each bar contained at least two repetitions of
each design, to guarantee robustness against fabrication issues and
provide data regarding process consistency. The sample underwent
a first EBL step for markers and waveguides definition followed by
dry-etch of the upper cladding in the unmasked areas. Subsequently
a quadruple layer of PMMA resist was used to implement the QWI
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mask and, after exposure and development, a 200 nm copper-doped
sputtered silica film was deposited. The percentage of copper to be in-
cluded in the sputtered silica film was chosen to be 0.6 % for a number
of reasons, the first being a difference in the obtained bandgap shift
between small 2x2 mm test pieces for PL tests and the final samples,
whose size is typically 11x12 mm, firstly highlighted in [105]. The at-
tained shift changed from 120 nm for the small pieces to only 35 nm
for the final samples annealed with the same recipe. The dynamics
of this phenomenon are not clear, especially because the temperature
during the RTA process is tightly controlled by a closed loop, with the
thermocouple being in close proximity with the sample. In fact, the
sample is placed on a 6-inches silicon wafer which acts as a carrier,
and a K-type thermocouple is right underneath the sample area. One
of the hypotheses is that the decrease in bandgap shifts is caused
by larger samples having greater thermal mass inhibiting impurity
diffusion, even though no scientific evidence was found in support
of this theory. Since the PL tests showed that a 0.3 % copper content
could provide a great dynamical intermixing range (shift between 0
and 240 nm) across the interval 550 ◦C-650 ◦C on small 2 mm pieces,
the copper content was increased to 0.6 % with the aim of providing
the same QWI performance on a 11x12 mm sample as well.
After the etching, QWI layer sputtering and PECVD deposition of a

further 200 nm of silica as protective layer from the high annealing
temperature, the sample was cleaved in various bars, each to undergo
annealing for one minute at a different temperature, ranging from
600 ◦C to 650 ◦C, for a more complete evaluation of the new QWI pro-
cess.
The cross section of the sample was inspected with the SEM after the
annealing step and a change in the facet was observed, as Figure 2.17

shows. A certain degree of roughness appeared, probably due to ma-
terial desorption arising on the sample edges since all layers are ex-
posed to the high temperature. For this reason the sample was cleaved
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Figure 2.17: SEM image of the material facet after RTA at 600 ◦C for 1 minute;
the different layers present in the epi-structure, made more vis-
ible by the material desorption due to the high temperature, are
pointed out.
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Figure 2.18: Setup for measuring the material bandedge for several passive
waveguides.

further on both sides to preserve the quality of the facets and avoid
additional losses. The finished bars had a length of 1.3 mm and were
tested using the setup in Figure 2.18.

The setup consisted of a laser (Agilent 81600B) whose emission
is tunable between 1510 and 1640 nm. The light from the source is
coupled to the sample through a polarisation maintaining tapered
lensed fibre. The polarisation of the output from the fibre tip is
controlled to maximise coupling to the waveguides Transverse Elec-
tric (TE) mode. Polarisation control is important since both the 3QW

and 5QW material have compressively strained QWs, causing a smal-
ler energy bandgap of the TE mode and therefore a higher gain ex-
perienced by the TE-polarised light. After propagation through the
waveguides, at the opposite facet light is collected through a 20X
magnification objective lens, then a polariser is used to minimise any
residual Transverse Magnetic (TM) component, and finally the signal
is divided into two perpendicular paths by means of a beam split-
ter cube. On the normal path the mode is monitored for alignment
purposes through an infrared camera, whereas the direct path light
is collected by a photodiode whose output is monitored on a real
time oscilloscope following signal amplification through a transim-
pedance stage. By synchronising the laser wavelength sweep with the
oscilloscope acquisition the obtained trace will be representative of
the material bandedge. The normalised trace from the as grown 3QW

material is shown in Figure 2.19a. In order to assess the obtained
bandgap shift between different waveguides, the bandedge was cal-
culated from the measured trace, as the wavelength value for which
the normalised trace attains a 3 dB value. The modulation appear-
ing for non-absorbed photon energies is a filtering effect due to the
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sample acting as a FP cavity, with the oscillation period coincident
with the cavity FSR. In order to allow a clearer assessment of the ban-
dedge, the experimental data is low-pass filtered in post-processing
to remove the fringes, as shown in Figure 2.19b.
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Figure 2.19: Typical wavelength scan results obtained from the as grown
3QW material, comparison between normalised data before low-
pass filtering (left) and after (right).
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Figure 2.20: Energy bandgap measurements for waveguides of increasing
width subject to the post-etch QWI technique, annealed for one
minute at different temperatures, respectively at 600◦C (Fig-
ure 2.20a), 610◦C (Figure 2.20b) and 620◦C (Figure 2.20c).

The bandedge was measured for a number of designs, for the case
of completely intermixed waveguides of varying width and also for
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2 µm waveguides with increasing distance from open intermixed
areas. Figure 2.20 shows the obtained results for the first case, for
three bars annealed at 600◦C, 610◦C and 620◦C. It can be seen that
a temperature of 600◦C did not cause any shift in the QWs bandgap,
while there is a gradual increase in the amount of intermixing
attained for higher temperatures, especially for narrow waveguides.
For all the temperatures shown the widest waveguides measured,
having a width of 5 µm, showed little or no QWI, suggesting a
very limited lateral diffusion in the material. This is unsuitable for
creating passive interconnects, especially in the output sections of
the devices which are normally 10 µm wide, since it can be seen that
waveguides larger than three microns do not show any change in the
material bandedge. In addition, the results show a set of waveguides
displaying little or no QWI also after annealing at 610◦C and 620◦C;
the lack of bandgap shift in these sets of waveguides suggests prob-
lems with the spatial uniformity of the new process, since the spatial
resolution check mask was designed so that repetitions of the same
pattern would be equally distributed across the surface of the sample.
The strongest hypotheses to explain the spatial uniformity issues
are either a variation in the copper content across the sample within
the sputtered silica layer, or this layer having a bad adhesion to the
material surface. One of the issues with the post-etch-QWI technique
could then be the spatial inconsistency in the obtained bandgap shift.
Furthermore, post-etch-QWI showed poor performance in terms of
propagation losses, with the signal from intermixed waveguides
on average 6 dB weaker above bandedge than for the as grown
material. The reasons for this gain degradation are not clear, since
the post-etch technique and the lower annealing temperature should
have provided a lesser deterioration of the gain. It is possible though
that the thickness of the protective layer during the annealing step is
insufficient, and that the absence of the p-cladding in the post-etch
QWI case makes the QWs more vulnerable to the high annealing
temperature. All these characteristics make the proposed technique
unsuitable for the implementation of an active-passive integration
platform, with long intermixed optical paths being too penalising in
terms of loss for the mode propagation.
However, as it will be described in Chapter 5, a limited energy
bandgap shift could prove beneficial for semiconductor PMLLs per-
formance. The limited lateral diffusion shown would ensure QWI of
the SA region without side effects on the gain section, separated from
the SA by a 10 µm gap. The waveguides having a width of 2 µm and
2.5 µm show a bandedge shift of ∼10 nm after one minute annealing
at 610◦C, proving ideal for the sought purposes. Furthermore, the
fact that in an intermixed absorber the energy levels are shallower
and that the QW is “less-defined” (see Figure 1.10) is likely to affect
the lifetime of the photogenerated carriers in the SA. The mechanisms
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that contribute to the photogenerated carriers lifetime for a QW in an
electric field are tunnelling, thermionic emission and recombination
[124]. The recombination rate is usually negligible compared to
the other two phenomena, while the thermionic carrier escape
rate should greatly increase in shallower and “less-defined” QWs,
leading to a reduced SA recovery time. Measurements of intermixed
absorbers recovery times have not been reported in the literature so
far, but the previous considerations are supported by photocurrent
measurements carried out on intermixed electro-absorption modulat-
ors [125]. The increased escape rate of the photo-generated carriers
also leads to increased saturation intensity, as shown in [126].
In conclusion, the post-etch QWI technique has shown promising
results in terms of spatial resolution and accurate control of the
attainable shift, but it requires further development and investigation
especially regarding the gain degradation dynamics and the spatial
uniformity of the process. To test the post-etch QWI technique further,
lasers with small intermixed sections were fabricated; the obtained
results will be discussed in Chapter 5.

2.5 conclusions

The main focus of this chapter were the fabrication techniques em-
ployed for the devices used in this project. The chapter opened with
an overview of the standard fabrication process, in use at the Uni-
versity of Glasgow since many years for the realisation of monolithic
lasers on III-V material. The discussion then proceeded to the QWI

technique. The standard QWI process was explained, together with
its limitations and inconsistencies, and the work carried out towards
the introduction of a new technique, labelled post-etch QWI, was de-
scribed. Particular attention was given to the fabrication challenges
posed by the new process, and to the way they were overcome.
Following the description of the fabrication aspects, some prelimin-
ary experimental results for the post-etch QWI were presented. These
showed that the new technique could not only match the bandgap
shifts obtained with the classic-QWI method, but do it with anneal-
ing temperatures 50◦ C lower. The spatial resolution of the new tech-
nique was found to be only few µm, against few tens of µm normally
obtained with the classic-QWI technique. Despite some aspects need-
ing further investigation, such as the gain degradation dynamics and
the spatial uniformity, the post-etch QWI technique looks promising
as a replacement for the standard one. This chapter concluded the
introductory part of the thesis, complementing Chapter 1 by discuss-
ing the fabrication of the devices and the preliminary experiments
carried out to assess the newly introduced technique. The following
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chapters will instead focus on the experimental work carried out on
the finished devices.



Part II

T H E S I S R E S U LT S

This part of the thesis describes the experimental work
carried out towards the generation of ultra-high frequency
optical signals through external injection and towards the
improvement of mode-locking performance in semicon-
ductor lasers using the Quantum Well Intermixing tech-
nique.



3
U LT R A - H I G H R E P E T I T I O N R AT E O P T I C A L
S I G N A L S

As already pointed out in Chapter 1, effective generation of ultra-high
repetition rate optical signals from monolithic sources is being act-
ively sought for a number of applications. This chapter will describe
a method which has proved successful in generating optical signals
with frequencies up to several hundreds of GHz, based on a master-
slave interaction between two external continuous wave signals and a
passively mode-locked FP cavity. The strengths and weaknesses of the
proposed method will be shown, stressing the possible developments
especially regarding viable monolithic integration schemes.

3.1 optical injection in monolithic semiconductor

lasers

The effects of light injection in laser cavities have attracted interest
since the very early days of laser research, when Stover and Steier
showed phase locking by direct injection from one “master” He-Ne
laser into another identical “slave” one [56], which was shown to lock
its emission to the wavelength of the master. As for semiconductor
lasers, they are very easily perturbed from external optical signals.
This is particularly true for edge-emitting devices, with their low fa-
cet reflectivity and short cavity resulting in an increased sensitivity
to optical feedback and external signals. The discussion in Chapter 1

highlighted how the perturbation of a free-running semiconductor
laser through optical injection might result in locked or unstable re-
gimes, with the produced outcome depending on the strength of the
injected signals K and on their detuning ∆ω with respect to the semi-
conductor laser modes. In between the regions of parameter space
K-∆ω where there is no phase locking taking place between the mas-
ter and the slave laser, one that has been extensively studied is the
so-called “chaos” region. This is because the chaotic regime can be ex-
ploited for applications in cryptography and secure communication
systems, since the chaos of two lasers can be synchronised [127, 128].
The region of interest for this project though is when the master os-
cillator is used to synchronise the emission from a free-running slave
laser without inducing chaos, i.e. stable injection locking. Its possible
applications and the experimental results reported in the literature
will be further detailed in the next paragraph, with particular atten-
tion to passively mode-locked semiconductor lasers.

70
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3.1.1 Injection Locking

In the field of semiconductor lasers, phase locking through external
optical injection is of interest for optical fibre communication systems,
especially those based on coherent transmission formats. This is be-
cause injection locking can be effectively used to ensure single-mode
operation of modulated sources [129], to reduce fluctuations in the
lasing modes [130] or for synchronisation at the receiver side in coher-
ent transmission systems [131]. Furthermore, injection locking from a
highly stable master laser into a semiconductor laser can be used to
stabilise laser operation with respect to the free-running case, produ-
cing a narrower spectral line and avoiding wavelength drifts [132].
For the particular case of semiconductor PMLLs, one of their well
known flaws is the poor timing jitter affecting the pulse train; the
comparison in [133] showed absolute timing jitter below 1 ps for ex-
ternal cavity mode-locked lasers, whereas the value for monolithic
PMLLs was 12.2 ps. Another known drawback of free-running PMLLs

is the lack of synchronisation to other components in high speed op-
tical systems. This can be a major impairment especially in photonic
systems based on coherent transmission formats, where it is import-
ant to recover the phase of the optical carrier. This drawback can be
overcome by injection locking, which has been successfully employed
to demonstrate the effectiveness of semiconductor PMLLs as sources
for phase modulated optical communication systems, if an external
cavity configuration is employed [134]. Stabilisation of the pulse train
has been achieved also by means of optical injection from a pulsed
master laser, in the so-called sub-harmonic injection mode-locking
[135], where highly stable pulses generated from an external laser
are used to stabilise ML operation of semiconductor passively mode-
locked devices. The main advantage of this technique is the relaxed
requirements for the master laser, since its pulse train can be at a
much lower frequency than the slave device; slave stabilisation will
occur as long as the repetition rate of the master is a sub-multiple
of that of the injected device. This allows the use of an electronic-
ally driven actively mode-locked laser as master source, transferring
the characteristics of its highly stable pulse train to the slave device.
Another technique proposed for stabilising emission from semicon-
ductor PMLLs does not rely on external active devices but on induced
optical feedback through an external mirror, approach which needs
the delay introduced by the external cavity to be carefully tuned as
it might result both in a reduction or in a drastic increase of the tim-
ing jitter [136]. In most reported cases semiconductor PMLLs stabilisa-
tion was attained through pulsed injection, either inducing an optical
feedback through an external reflector or coupling light from an in-
dependent optical source inside the cavity [61, 137]. The effects of
injecting a CW signal into a semiconductor PMLL are generally less
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reported, with the few exceptions regarding quantum-dot lasers and
optical frequency combs generation [138, 139]. In the first case, a CW

signal has been used to stabilise the emitted pulses for high pump-
ing levels [138], whereas in the second case optical injection of two
coherent CW signals results in increased stability and tuning range
[139]. Through amplitude modulation of a narrow linewidth CW op-
tical source and optimisation of the modulator bias, two side-bands
with the same phase are produced while the original carrier is sup-
pressed, achieving coherence between the injected signals. The beat-
ing of the injected lines modulates the carrier density in the slave
device, which allows tuning the repetition rate and reducing the tim-
ing jitter of the slave laser. The reported tuning of the repetition rate
though was limited to ∼100 MHz. In this work a dual-injection lock-
ing mechanism has been employed as well, but instead of being based
on two coherent CW signals whose spacing was limited to few hun-
dreds of MHz, two independent widely tunable laser were used as
external optical sources. It was observed that under certain condi-
tions the slave devices showed emitted optical signals at a frequency
corresponding to the wavelength spacing between the injected lines.
The next paragraphs will describe the experiments carried out, with
insight and discussion of the attained results.

3.2 ultra-high repetition rate generation, experiment

The external injection locking experimental setup is shown in Fig-
ure 3.1. Several devices were tested, all of them semiconductor PMLLs

in a FP configuration coming from a sample fabricated at the JWNC on
the 3QW material. The fact that all devices experienced the same fab-
rication flow ensures more consistent results when comparing their
response to external injection. The sample did not undergo the QWI

process, and the lasers under test differed only for the SA section
length, taking up a different percentage of the total cavity length
for each device with values varying from 1.8 % to 11.8 %. The total
cavity length is 1240 µm for all devices, corresponding to a FSR of
∼ 36 GHz; isolation between the gain section and the SA contact is
provided through a 10 µm gap. Current was injected in the gain sec-
tion contact while the SA section was reverse biased, in the standard
split-contact ML configuration. The maximum reverse voltage applied
to the absorber was −4.5 V to minimise the risk of breakdown by ex-
cessive current absorption. The temperature of the sub-mount was
controlled through a Thermo Electric Cooler (TEC), and kept to 20◦C
throughout all the experiments. The choice of these particular devices
and geometry as subjects for external injection analysis was driven by
their behaviour being well understood and extensively characterised
[6], which made them ideal candidates for assessing the changes in-
duced by external injection. Two tunable lasers (Agilent 81600B and
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Figure 3.1: Setup for the external injection locking experiments, with injec-
tion of the CW lasers on the SA of the PMLL under test (dut).
The optical signal from the gain section side is used to simul-
taneously monitor the optical spectrum, autocorrelation and RF

signal.

Anritsu MG9638A) were used as optical sources to couple CW light
into the laser cavity, since both of them provided a narrow linewidth
(< 1 MHz) over a wide range of wavelengths (from 1510 nm to 1640
nm) and control of the emitted power, up to 2 mW and 5 mW respect-
ively. The output polarisation from both tunable lasers was controlled
in order for the injected light to be co-polarised with the quasi-TE

mode, the one experiencing more gain because of the strain in the
QWs. The CW lines were combined through a 3 dB polarisation main-
taining fused fibre coupler1, then coupled into the semiconductor
laser by means of a tapered lensed fibre2. The external CW signals
were injected in the monolithic device from the SA side, while light
was collected for monitoring and analysis purposes from the gain sec-
tion side. The same kind of lensed fibre was used for collecting the
light from the devices, then a series of fused standard single-mode
fibre couplers with different ratios split the collected signal between
several pieces of equipment for monitoring. A 10 % fraction of the
total power was coupled to an OSA to monitor the changes in the
optical spectrum between different operating regimes and align the
external injection with the device lasing modes. The remaining 90 %
of the total power was equally distributed by a second fused fibre
coupler between an auto-correlator (Femtochrome FR-103XL), used to
assess if emission of a stable train of pulses was present, and a fast
photodiode (New Focus 1014, 45 GHz InGaAs photodetector) whose out-

1 OZ optics FUSED-22-1550-8/125-50/50-3A3A3A3S-1-1-PM
2 OZ optics TSMJ-3A-1550-9/125-0.25-7-5-26-2-AR
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put was monitored through an RF Spectrum Analyser (Rohde&Schwarz
FSV Signal and Spectrum Analyzer). The bandwidth of the latter is lim-
ited to 40 GHz, therefore the RF signal was used for optimising ML

of the free-standing device but unfortunately it could not be used to
detect higher harmonics of the fundamental frequency.

The dynamics of the experiment unfolded as follows: first, the ex-
ternal light coupled into the device was co-polarised with the quasi-
TE mode. This was achieved through monitoring of the CW line on
the OSA after propagation through the sample, with the semicon-
ductor laser left unpumped and acting as a highly lossy passive wave-
guide. The quasi-TE mode experiences more propagation losses than
the quasi-TM, so minimisation of the signal level on the OSA through
adjustment of the polarisation controls ensured the CW light coupled
into the FP cavity was polarised along the quasi-TE direction. The
subsequent step was optimising the free-running operation of the
slave device, adjusting the current injection into the gain region and
the reverse bias applied to the SA section for optimum ML operation,
maximising the quality and stability of the pulse train produced. Fig-
ure 3.2 illustrates the ML performance of a semiconductor PMLL fab-
ricated on the 3QW material platform, with both the IAC trace (3.2a)
and the optical spectrum (3.2b). The traces displayed were obtained
for a device whose absorber is 4.6 % of the total cavity length, reverse
biased at −4 V, and for a current of 120 mA in the gain section, used
since this set of parameters was shown to give the best ML perform-
ance for the considered material platform [6].

The external injection came next, first by coupling just one CW sig-
nal into the FP cavity. The wavelength of the external CW line was
tuned until it was aligned with the lasing mode corresponding to the
peak of the optical spectrum. The following dynamics were observed
with injection of a single CW signal: for very low injection (injection
strength K < 0.01, refer to Chapter 1 for the definition) the ML be-
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Figure 3.2: IAC trace and optical spectrum for a 3QW semiconductor PMLL

whose SA is 4.6 % (57 µm) of the total cavity length (1240 µm)
biased at −4.6 V, with a current of 120 mA in the gain section.
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haviour of the laser did not display any measurable changes; for the
weak to moderate injection regime (0.01 < K < 0.1) the optical spec-
trum became narrower indicating stabilisation and jitter reduction in
the produced pulsed train; increasing the power further did not pro-
duce any further changes until a point where the ML laser collapsed
into single mode emission at the same wavelength as the external
source, with pulses disappearing from the IAC trace. This behaviour
for a single injected light agrees with expectations and with what was
previously reported [140].
A different behaviour was observed when both CW lines were com-
bined in the FP cavity. When the injected signals mutual spacing was
an integer multiple of the fundamental FSR of the ML device, and their
wavelengths were aligned with two lasing modes, optical signals at
a frequency corresponding to their mutual spacing were generated.
Efficient discrete tuning of the repetition rate was then observed by
wavelength tuning one of the two injected signals, up to several hun-
dreds of GHz. Unless otherwise stated, in all the experiments carried
out the wavelength of one of the external CW lines was chosen in
order to couple with the maximum of the optical spectrum, while
the second wavelength was tuned accordingly with the desired re-
petition rate, blue shifted with respect to the fixed one. This can be
clearly seen from the OSA traces shown in Figure 3.3 and Figure 3.4,
while the IAC traces display the optical signals generated at various
harmonics of the fundamental mode spacing. By analysing the case
without external injection in Figure 3.3 and comparing it with the
pulses shown in Figure 3.2 it can be seen that the widths of the IAC

pulses are different, respectively ∼4 ps and ∼6 ps for the two cases. If
one applies the ML theory (equations 1.1-1.3) presented in Chapter 1

this suggests a lower number of modes participating to the ML opera-
tion for the case with wider pulses. From the OSA traces presented in
Figure 3.3 and Figure 3.4 a decrease in the number of modes lasing
for the injection locked cases can be observed, while the pulses dis-
played by the IAC trace become narrower. This at first seems to contra-
dict the theory presented in Chapter 1; however, the presence of the
external electric fields, their nonlinear interaction and their beating
on the SA section adds a term oscillating at their difference frequency
to the sum of the modes, which dominates under stable locking con-
ditions, suppressing ML at the fundamental frequency. In order to
gain a better understanding of the dynamics behind the presented
injection locking phenomenon, the effects of changing various device
parameters have been experimentally assessed, for example by mov-
ing the injection towards shorter or longer wavelengths; the results of
such characterisation will be discussed in the next section.



3.2 ultra-high repetition rate generation, experiment 76

0 20 40 60 80 100 120
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
C

 In
te

ns
ity

 [V
]

Time [ps]

No Injection 36 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(a)

1525 1530 1535 1540

−60

−50

−40

−30

−20

−10

O
pt

ic
al

 P
ow

er
 [d

B
m

]

Wavelength [nm]

No Injection 36 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(b)

0 20 40 60 80 100 120
0

0.05

0.1

0.15

0.2

0.25

0.3

A
C

 In
te

ns
ity

 [V
]

Time [ps]

Injection Locking 72 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(c)

1520 1525 1530 1535 1540

−60

−50

−40

−30

−20

−10

O
pt

ic
al

 P
ow

er
 [d

B
m

]

Wavelength [nm]

Injection Locking 72 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(d)

0 20 40 60 80 100 120
0

0.05

0.1

0.15

0.2

0.25

0.3

A
C

 In
te

ns
ity

 [V
]

Time [ps]

Injection Locking 108 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(e)

1520 1525 1530 1535 1540

−60

−50

−40

−30

−20

−10

O
pt

ic
al

 P
ow

er
 [d

B
m

]

Wavelength [nm]

Injection Locking 108 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(f)

0 20 40 60 80 100 120
0

0.05

0.1

0.15

0.2

0.25

A
C

 In
te

ns
ity

 [V
]

Time [ps]

Injection Locking 180 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(g)

1520 1525 1530 1535 1540

−60

−50

−40

−30

−20

−10

O
pt

ic
al

 P
ow

er
 [d

B
m

]

Wavelength [nm]

Injection Locking 180 GHz, SA length 3.8%

 

 

V
SA

= −4.5V

(h)

Figure 3.3: IAC and OSA traces from an injection-locked 3QW PMLL, showing
discrete wide tunability of repetition rate for a series of injection
signals separated over the range 36-180 GHz.
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Figure 3.4: IAC and OSA traces from an injection-locked 3QW PMLL, showing
discrete wide tunability of repetition rate for a series of injection
signals separated over the range 324-576 GHz.
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Before moving on to describing the assessment of the injection lock-
ing dynamics, it is worth analysing the phenomena responsible for
the pulse generation. This is not the first time that high repetition rate
optical pulses exploiting the beating of two CW signals have been re-
ported. It is, though, the first time dual CW injection has been success-
fully exploited for frequencies above 160 GHz [141, 142]. Pitois et al.
showed how an initial sinusoidal signal produced from the beating
of two CW lines underwent temporal compression through Four-Wave
Mixing (FWM) in a highly nonlinear fibre (nonlinear coefficient of 1.7
W−1Km−1), delivering high-quality sub-picosecond pulses. Fang et al.
instead demonstrated high-repetition rate optical pulses through self-
injection locking in a FP laser diode, attained by coupling the active
device to an external Fibre Bragg Gratings (FBGs). These fibres were
tuned to coincide with two longitudinal modes of the FP laser diode,
allowing generation of high power and high repetition rate optical
pulse trains. The two works cited above achieve pulses generation
through FWM, and the harmonic ML shown in Figures 3.3 and 3.4 at
a first glance might seem based on the same mechanism, with the FP

mode-locked cavity acting as a nonlinear medium.
It must be pointed out though that in the cited works the maximum
repetition rate reported was 160 GHz, and that those techniques do
not allow wide tunability of the optical signals frequency. Given the
wide tunability and stability of the signals obtained, it is thus a com-
bination of multiple phenomena that stabilises the output allowing
generation of ultra-high repetition rate optical signals. Besides FWM,
the main contribution to the generation mechanism comes from hy-
brid ML [143]. Classic hybrid ML is a technique in which the SA of
a PMLL is electronically modulated, forcing optical oscillations at the
modulation frequency. In case of two injected CW lines, it is their
beating that provides the modulation of the losses in the SA section,
opening windows of net gain which lead to pulse formation at time
intervals coinciding with the external line spacing. A diagram illus-
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Figure 3.5: Explanatory diagram depicting the optical spectra for (a) free-
running and (b) injection locked 3QW semiconductor PMLLs, high-
lighting the effects participating to the locking mechanism.
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trating the locking mechanism through the optical spectra is shown
in Figure 3.5. Figure 3.5a shows a typical OSA trace from a 3QW pass-
ively mode-locked device, with the relative position of the injected
wavelengths with respect to the spectrum. Figure 3.5b shows a schem-
atic of CW external injection ML at the 9th harmonic of the funda-
mental repetition rate, highlighting the FWM products and the beating
between the injected signals.
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Figure 3.6: Comparison of IAC results between dual external injection ap-
plied on gain section side or on SA side.

Further evidence that heterodyning of the injected signals contrib-
utes to the harmonic ML mechanism was given by the observed dy-
namics when injection of the CW lasers takes place from the gain
section side. Figure 3.6 compares the obtained IAC traces between ex-
ternal injection directly into the gain or the absorber region. Pulses
were generated at harmonics of the fundamental also when the CW

lasers were injected from the gain section side (Figure 3.6a) even
though the improvement in the pulse quality when external injection
was on the SA side is obvious (Figure 3.6b). The fact that a signal was
obtained in both case suggests there is a contribution to signal gen-
eration from cavity enhanced FWM, but also that in order to stabilise
and improve the quality of the signal, hybrid ML is needed. The SA

acts as a photodiode, absorbing the external light and displaying a
modulation in its carrier population that is consistent with the mu-
tual spacing between the injected CW lines. The principle is the same
as optical heterodyne detection, and it is more effective when the CW

signals beat directly on the SA rather than after propagation through
the entire device.
Several devices were extensively characterised to gain a better un-
derstanding of the dual external injection ML phenomenon. The de-
pendency of the injection locking on a range of different parameters
was analysed, with the goal of optimising signal generation for high
repetition rates.
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3.3 ultra-high repetition rate generation, dynamics

In order to characterise the ML performance of the injected devices,
analysis was mainly based on the IAC signal. For frequencies above
40 GHz, the IAC and the OSA traces were the only two sets of data
available, given that was the upper limit for the RF spectrum analyser
detected frequency. The differences between dually-injected and un-
perturbed behaviour were analysed using the RF traces at the funda-
mental repetition rate, whereas the main parameter used to assess
ML performance of the injected devices at frequencies multiple of the
fundamental was the “pedestal” to peak ratio, calculated using the
following expression:

RAC = 100
ACmin

ACmax
(3.1)

where ACmin and ACmin are the IAC voltage values obtained after av-
eraging the relative minima and maxima of the IAC trace, respectively.
The amount of pedestal displayed by the IAC trace is a good indicator
of the quality and effectiveness of ML operation. The pedestal was
therefore characterised for a wide range of passively mode-locked
devices under several operational regimes. Devices with different SA

section lengths were analysed, and their injection ML assessed for a
variety of reverse voltages applied, determining the maximum achiev-
able repetition rate in each case; the response to the level of externally
injected power was also explored, as well as the maximum detuning
between the injected CW lines and the modes of the PMLL before the
disappearance of the pulses at harmonic frequencies. The injection
locking behaviour was fully assessed, and its dependency upon ab-
sorbing length, applied reverse voltage, injected CW power and de-
tuning will be discussed in the next paragraphs.

3.3.1 Injection at the fundamental frequency

The Full-Width at Half Maximum (FWHM) of the RF signal obtained
from a mode-locked device is a good indicator of the ML quality, since
it can be used to quantify the amount of jitter affecting the pulse train
[144]. A jittery train of pulses will give rise to a broad RF signal (few
MHz), whereas a stable and robust oscillation will provide much nar-
rower RF lines. This is because in a semiconductor PMLL the leading
edge of a pulse is attenuated more than the trailing edge, due to the
saturable absorption characteristics of the SA section. This leads to
intensity noise and gain fluctuations, which through the nonlinearity
of the medium translate into a temporal shift of the pulse. The tem-
poral interval between consecutive pulses will therefore experience
fluctuations, which will be mirrored on the linewidth of the RF signal
obtained by direct detection on a fast photodiode [145]. The use of
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RF techniques is not the only viable way to analyse the timing jitter
affecting PMLLs output pulses: approaches based on the analysis of op-
tical cross-correlations have been shown to provide higher resolution
[146], and they would especially suit the assessment of timing jitter
for signals whose frequency is beyond the limit of standard RF ana-
lysers, as for the present work. The timing jitter assessment discussed
here has been characterised only for operation at the fundamental re-
petition rate with and without external injection. However, the optical
cross-correlations technique could be used as part of future work to
complement the analysis, providing data for higher frequencies. The
injection of two external signals acts as a frequency reference for the
pulse travelling within the cavity, therefore an injected PMLL should
exhibit a narrower RF signal than the one produced for free-running
operation. Unperturbed and externally injected ML at the cavity fun-
damental frequency were compared, mainly focussing on the changes
observed in the FWHM of the RF signal. For the experiments the setup
of Figure 3.1 was used, with the RF data fitted with a Lorentzian func-
tion in post-processing and the FWHM extrapolated.

Figure 3.7 shows both the measured and fitted RF spectra and relat-
ive FWHM for the unperturbed case (Figure 3.7a) and for the dual CW

injection at the fundamental frequency (Figure 3.7b). A shift in the fre-
quency of the RF peak by almost 800 MHz can be observed, and this
is due to the fact that the spacing between the two external CW lines
could not be tuned to coincide exactly with the PMLL fundamental
mode spacing. However, since the injection level was 0.012 with re-
spect to the laser output power (weak to moderate injection regime),
stable locking took place even with a 800 MHz detuning, meaning the
point of parameter space K-∆ω considered still fell within the stable
locking zone. Besides the central frequency pulling, the FWHM of the
fitted Lorentzian line showed a reduction from 1.375 MHz to 1.266
MHz, an 8 % narrowing. Despite the small improvement, devices
with several absorber lengths were characterised and they consist-
ently showed a narrowing of the produced RF line when subject to
dual CW external injection at the fundamental frequency. In fact Fig-
ure 3.8 shows the comparison between unperturbed and externally
injected behaviour for the laser with the longest SA, which provided
the widest RF line for free-running ML operation. It can be seen the
extrapolated RF linewidth decreases from 35.25 MHz down to 24.88
MHz under external injection, corresponding to a 29 % reduction.

The linewidth reduction becomes more obvious for longer absorb-
ing sections, because the output trains of pulses are more affected
by timing jitter and profit more from the introduction of a fixed fre-
quency reference within the cavity. The injection locking experiments
at the fundamental frequency have proved there is a reduction of the
timing jitter affecting the pulse. It is reasonable to assume that also
at high repetition rates, where RF analysis was unavailable, the dual
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(b) RF trace: injection locking at 36 GHz.

Figure 3.7: RF spectra comparison between free-running operation and dual
CW injection at the fundamental repetition rate, for a device with
SA length being 3 % (37 µm) of the total cavity length (1240 µm),
reverse biased at −3 V.
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(b) RF trace: injection locking at 36 GHz.

Figure 3.8: RF spectra comparison between free-running operation and dual
CW injection at the fundamental repetition rate: SA 12 % (149 µm)
of the total cavity length (1240 µm), reverse biased at −2.5 V.

CW injection ML gives rise to a stabilisation in the optical signal and a
reduction of the timing jitter.

3.3.2 Maximum repetition rate achieved

The first and most important goal of the experiments was the gener-
ation of optical signals at ultra-high repetition rate, therefore the ini-
tial focus was mainly on maximising the wavelength spacing between
the injected CW lines while still having oscillations displayed on the
IAC trace. The system showed that when the external injection was
aligned with two lasing modes of the cavity the IAC trace would dis-
play a signal at a frequency corresponding to the mutual spacing
between the injected CW signals. Discrete tunability with a step equal
to the FP cavity mode spacing was observed, and for the best case
the achieved repetition rate varied between 2 and 26 times the funda-
mental frequency. Harmonic locking at 26 times the FP cavity mode
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spacing corresponds to a frequency of 936 GHz, the highest repor-
ted for injection locked monolithic devices to the best of the author’s
knowledge. Figure 3.9 shows the IAC trace and the OSA output for the
maximum repetition rate attained. The PMLL used had a SA section
whose length was 1.8 % of the total cavity length (it was the device
with the shortest SA between those tested) reverse biased at −3.5 V,
while the gain section was pumped at ∼2Ith (70 mA) and the external
lasers injection power was set to 250 µW for both.
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(a) Autocorrelation trace: injection lock-
ing at 936 GHz.

1525 1530 1535 1540 1545

−60

−50

−40

−30

−20

−10

O
pt

ic
al

 P
ow

er
 [d

B
m

]
Wavelength [nm]

Injection Locking 936 GHz, SA length 1.8%

 

 

V
SA

= −3.5V

(b) OSA trace: injection locking at 936

GHz.

Figure 3.9: IAC and OSA traces for the maximum repetition rate attained
through dual CW injection locking.

It can be seen how the traces display a ∼70 % pedestal, since with
such a wide spacing between the injected CW lines the period of the
generated signal is below the SA typical recovery time [147]. This is
the main parameter in determining the maximum repetition rate at
which injection locking can be achieved, since the losses in the ab-
sorber section must completely recover between consecutive pulses.
The absorber recovery time cannot go below few ps, even with a
strong reverse bias applied, therefore the maximum repetition rate
is limited to 936 GHz. The general trend that was observed for all
devices and all reverse biases is an almost pedestal-free train of pulses
for all free-running devices or for injection locking at few times the
fundamental cavity frequency, with the pedestal growing as the mu-
tual spacing and the subsequent injection-locked repetition rate in-
creased. Figure 3.10 depicts the evolution of the pedestal to peak ra-
tio as a function of the frequency of the pulse train for the device
with the longest SA section (11.8 % of the total cavity length) having a
reverse bias of −2.5 V applied.

It can be seen how the device evolved from a pedestal-free situ-
ation in the absence of external perturbation to a regime where a ped-
estal was present and grew consistently until oscillations at higher
frequencies eventually disappeared from the IAC trace and the device
returned to the unperturbed behaviour. A ∼30 % pedestal was gener-
ally observed for each device at the highest frequency for which dual
CW injection locking was still stable. Figure 3.10 also shows that for
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Figure 3.10: Evolution of the pedestal to peak ratio as a function of the injec-
ted laser repetition rate.

an 11.8 % SA the maximum attained frequency is ∼400 GHz, and not
936 GHz as it was the case for the 1.8 % SA. This is consistent with
the losses being restored faster in a shorter absorber. The SA recovery
time therefore poses a limit to the maximum repetition rate achiev-
able, thus a device with the shortest possible absorber length must
be used if priority is given to the attained repetition rate. As the next
paragraph will show, however, longer SA sections are beneficial for
other aspects.

3.3.3 Dependence on SA characteristics

The dependence of the injection locking performance upon the re-
verse bias applied to the SA section was assessed for all examined
devices, comparing the pedestal to peak ratio in each case. The ML

operation of the device was optimised prior to external injection,
with the current in the gain section ranging from ∼Ith to ∼3Ith and
the SA voltages ranging from −0.5 V to −4.5 V depending on the
examined device. As stated in Chapter 1, application of a reverse
voltage shortens the SA recovery time, which otherwise would be
too long to satisfy the fundamental ML condition and sustain stable
pulses. Aiming at generation of ultra-high repetition rate optical sig-
nals whose periods could be as short as few picoseconds, a better
performance was expected from the optically injected device under
large SA reverse biases, allowing the losses in the absorber to follow
the ultra-fast oscillation induced by the beating of the CW signals.
This expectation was confirmed by the experiments, whose results
are summarised in Figure 3.11; the two graphs compare the pedestal
level between the 72 GHz and the 324 GHz case, both in terms of
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dependence on applied reverse bias for the shortest absorber avail-
able (Figure 3.11a) and in terms of dependence on absorber length
(Figure 3.11b).
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Figure 3.11: Evolution of the pedestal to peak ratio with respect to the SA

voltage and length, comparison between two different repeti-
tion rates.

The two traces in Figure 3.11a show a reduction in the pedestal
level when increasing the reverse bias for both cases of optical signal
generation at 72 GHz and at 324 GHz, despite the different maximum
and minimum levels of pedestal attained. This behaviour is consist-
ent with expectations, since from previous experiments the shortest
SA recovery times measured were few picoseconds [147], consistent
with the period of a 324 GHz signal; the SA losses can be successfully
modulated up to that frequency, with a fast decrease in the quality
of the signal generation mechanism or this stopping altogether for
higher harmonics of the cavity mode spacing. The upper repetition
rate above which ML ceases is that point where the pulse spacing be-
comes shorter than the propagation time in the SA, therefore the next
pulse occurs while the absorber is still being bleached by the previous
one.

Regarding the pedestal evolution as a function of the SA length, it
was observed that a longer SA section showed better injection locking
performance for relatively low frequencies (2 or 3 times the funda-
mental repetition rate) but was unable to lock for frequencies above
10 times the fundamental mode spacing (360 GHz). Figure 3.12 com-
pares the best IAC traces obtained from a PMLL locked at 72 GHz
for the shortest (Figure 3.12a) and longest (Figure 3.12b) SA section
examined. It could be seen how in one case the trace is almost ped-
estal free whereas a 25% pedestal is present for the shorter SA. On
the other hand, the device for which the highest repetition rate was
observed (at 936 GHz, previously shown in Figure 3.9) was the one
having the shortest absorber (1.8%). The observed behaviour is coher-
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ent with longer absorbers having a greater response to the beating of
the external CW signals, maximising the heterodyning phenomenon
and resulting in better quality ML. At the same time, as already said,
the losses in such absorbers stop recovering for lower repetition rates.
The presence of a trade-off between maximum achievable repetition
rate and quality of the generated signals appears therefore quite ob-
viously from the experiments that explored the injection locking de-
pendence on the SA parameters; devices with short SAs display great
tunability at the expenses of the pulse quality whereas long SAs allow
pulses with better quality but limited frequency range.
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(a) IAC trace for injection locking at 72 GHz
for the shortest SA length measured.
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(b) IAC trace for injection locking at 72 GHz
for the longest SA length measured.

Figure 3.12: Comparison of injection locking performance for different
lengths of the SA section.

3.3.4 Repetition Rate Detuning

As previously stated, all devices proved discrete tunability over mul-
tiples of the cavity FSR, even though each one to a different extent.
Besides the discrete tuning of the repetition rate, an interesting as-
pect to explore regards the injection locking sensitivity to detuning of
the CW spacing, that is how much the injected CW could be detuned
from a situation of perfect alignment with the laser modes before
the high repetition rate signals disappeared. In order to do this, the
injection locking operation was optimised, with the same injection
strength used for the RF linewidth characterisation (K = 0.012), be-
fore detuning one of the injected wavelength to check over which
interval the device was able to maintain injection locked operation.
It was observed that tuning the wavelength of one of the CW lasers
by one picometer (corresponding to a change in frequency of ∼125
MHz) caused a partial unlocking between the FP cavity modes and the
externally injected optical lines. This happened for all cases where
the spacing between the external CW line was greater than the fun-
damental repetition rate. The comparison between a good injection
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locking situation and one in which one of the laser is detuned by one
picometer is shown in Figure 3.13. The partially unlocked IAC trace
displays a superposition of the free-running pulse train with a 36
GHz frequency, and the injection locked case with a signal oscillating
at 180 GHz.
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(a) IAC trace with external injection at
180 GHz, tuned.
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(b) IAC trace with external injection at
180 GHz, 1 pm detuning.
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(c) OSA trace with external injection at
180 GHz, tuned.
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180 GHz, 1 pm detuning.

Figure 3.13: Comparison between tuned and detuned locking conditions.

The displayed results regard a PMLL whose SA section is 3.8 % of
the total cavity length locked at 180GHz with −3 V applied to the ab-
sorbing section, but a similar behaviour was observed independently
of the SA parameters or of the initial injection locked repetition rate;
a partial unlocking was always observed when one of the externally
injected lines was detuned by one picometer with respect to the op-
timised case. This might seem surprising if the results are compared
with dual injection at the fundamental repetition rate, where the ex-
ternal signals would “pull” the emission by ∼800 MHz. However, in
that case the external signals were spaced only 36 GHz, therefore
they were not trying to lock the emission at a different repetition
rate. When locking at higher frequencies the dynamics are different,
and a better understanding can be gained considering that the typ-
ical optical linewidth of a FP cavity mode for the considered material
platform is ∼10 MHz. When one of the CW lines is detuned by ∼125
MHz, it will try to “pull” the entire comb of cavity modes towards a
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narrower spacing so that the injection locked situation is preserved.
This mechanism will succeed only partially and only for the closest
modes in the wavelength domain, therefore the resulting trace in the
time domain will show a superposition of free-running and injection
locked operation.

3.3.5 Dependence on injection strength

As already pointed out, the strength of the injection for the experi-
mental results reported so far was K = 0.012, falling in the weak to
moderate injection regime. This corresponded to the injecting lasers
output power set to 250 µW. This value of laser power, corresponding
approximately to ∼12 µW coupled into the PMLL cavity, proved to
be sufficient for effective injection locking across a wide number of
devices and SA voltage. The effect of a higher power was investigated
for several devices and repetition rates, and again the experimental
data showed that an increase in injected power could be beneficial
but only to a certain extent. With an increase in the lasers power up
to 1 mW (K = 0.05) the generated train of pulses showed a lower
pedestal, while increasing the power further (K > 0.05) would cause
the slave device to collapse into dual mode emission and the pulses
to disappear from the IAC trace. The improvement in the generated
pedestal is shown in Figure 3.14, which compares the IAC and OSA

traces for injection at 250 µW and 1 mW, leaving all the other laser
parameters (current in the gain section, lasers wavelength and mutual
spacing) unchanged. Despite the OSA trace not displaying noticeable
changes, the IAC pulses have a clearly lower pedestal under stronger
injection. It is worth mentioning that the detuning behaviour has been
re-assessed also under strong injection conditions (K = 0.05), and as
expected it still showed the same results as previously stated.

3.3.6 Dependence on injection wavelengths

All the experiments have been carried out aligning one of the external
CW lasers to the peak of the OSA trace and successively tuning the
second CW laser depending on the desired repetition rate. Further
tests were carried out in order to assess if this configuration was the
one that optimised the generated optical pulses, or if there could be
an improvement in the quality of the injection ML by shifting the
injected wavelength towards the blue or red end of the spectrum.

Figure 3.15 compares the IAC and OSA traces for injection locking at
72 GHz changing the wavelength of the external injection. This was
the only parameter changed between the different graphs, whereas
other PMLL parameters (SA reverse voltage, gain section current, injec-
ted power, sub-mount temperature) were left untouched. The traces
show that a better performance is obtained for the centred injection,
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(a) IAC trace with external injection at
72 GHz, lasers power 250µW.
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(b) IAC trace with external injection at
72 GHz, lasers power 1 mW.
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(c) OSA trace with external injection at
72 GHz, lasers power 250µW.
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(d) OSA trace with external injection at
72 GHz, lasers power 1 mW.

Figure 3.14: Comparison between low injected power and high injected
power locking.

giving a pedestal to peak ratio value of 9 %, whereas the red injection
showed 17 % and the blue injection provided the worst result with a
21 % pedestal. The OSA trace for the centred injection also shows the
FWM products being ∼10 dB higher than in the other two cases. This
behaviour can be explained by the fact that the unperturbed PMLL op-
tical spectrum peak wavelength is due to the relative position of the
gain curve with respect to the SA bandedge [7], therefore an overlap
of the externally injected CW lines with the centre of the spectrum
ensures that also the optical signals generated at higher harmonics
profit from optimal gain-SA dynamics. Thus stable injection locked
optical signals will be obtained for the injected wavelengths being
symmetrical with respect to the peak of the optical spectrum, in ac-
cordance with the results from the centred injection case.
Another thing worth discussing is the fact that once fixing one of the
CW signals in correspondence with the peak of the optical spectrum,
more stable injection locked IAC traces are obtained when the other
CW line is chosen to be on the blue side of the spectrum. This is con-
sistent with the well known fact that is easier to lock the emission
of a slave laser for the case of a negative detuning [148, 149]. Fur-
thermore, recent experimental results on quantum-dot PMLLs and FP

lasers measured by an injection locking method suggest that devices
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(a) IAC trace for injection locking at 72
GHz, centred injection.
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(b) OSA trace for injection locking at 72
GHz, centred injection.
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(c) IAC trace for injection locking at 72
GHz, blue injection.
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(d) OSA trace for injection locking at 72
GHz, blue injection.
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(e) IAC trace for injection locking at 72
GHz, red injection.
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GHz, red injection.

Figure 3.15: Comparison of IAC and OSA traces between centred, blue and red
injection locking at 72 GHz.

operating with a ∼10 nm blue-shift from the gain peak exhibit shorter
output pulses with lower chirp [150], also supporting the configura-
tion employed in this work.

3.4 conclusions

The experimental data have shown how dual CW injection can be
a successful technique for generation of optical pulses at ultra-high
frequencies (> 100 GHz). Wide discrete tunability has been demon-
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strated up to 936 GHz, corresponding to 26 times the fundamental
mode spacing of the cavity (36 GHz). Despite the obtained repetition
rate not being the highest ever obtained from an integrated mode-
locked device (2.1 THz were obtained in [45]), it is the first time a
monolithic PMLL is shown to emit stable pulses with such wide tun-
ability (900 GHz) on a 36 GHz grid. The performance is thought to be
limited mainly by the absorption recovery time, with the lowest value
measured in [147] being 2.5 ps even with −4 V applied to the SA sec-
tion. This translates in the losses not completely recovering between
consecutive pulses for repetition rates above 400 GHz, and explains
why 936 GHz was the maximum achieved in this work, and why it
was only obtained for the shortest available absorber (1.8 % of the
total cavity length, corresponding to 22 µm) providing the shortest
loss recovery time between the devices tested. Another factor limit-
ing the maximum repetition rate is the lasers gain 3 dB bandwidth,
which is ∼30 nm for the considered MQW material platform [6, 7]. A
936 GHz mode spacing corresponds in wavelength to 7.3 nm, ∼25 %
of the gain bandwidth, meaning that only 5 modes are lasing and can
be locked. The higher the frequency of the generated optical signals,
the lower the number of modes participating to the locking mech-
anism, but ML will still be possible as long as at least 2 modes are
lasing. This suggests that if sub-ps absorption recovery times can be
obtained, external injection could successfully induce locking at repe-
tition rate beyond 1 THz.
The discussion has analysed the dependence of the injection lock-
ing mechanism on a number of system and device parameters, and
despite some of the results for the detuned injected wavelengths not
being completely satisfactory (with the slave PMLL unlocking for a
detuning of 125 MHz), this is thought to improve with integration of
the technique on a single chip. In that case there would not be optical
isolation between the injecting lasers and the mode-locked ones, with
beneficial effects on the injection locking mechanism, making it more
robust because of the mutual feedback between cavities. The tech-
nique proves suitable for integration on a monolithic platform, with
several possibilities available for implementation of the CW lasers and
PMLLs on the same chip. Research towards integration approaches has
been carried out and the obtained results will be discussed in the next
chapter.



4
U LT R A - H I G H R E P E T I T I O N R AT E G E N E R AT I O N ,
I N T E G R AT I O N

There would be many advantages in tranferring the injection locking
mechanism described in the previous chapter on a monolithic chip:
besides the general advantages of an integrated optical chip such as
compactness and low cost, first of all the coupling between master
and slave devices would greatly improve; furthermore, the polarisa-
tion of the three signals involved would be automatically matched;
finally, the level of injection could be simply controlled by placing in-
tegrated absorbers between the CW lasers and the injected PMLL. Sev-
eral approaches could be used to transfer the proposed configuration
on a monolithically integrated platform, and they will be described
in the following sections. Furthermore, an integrated configuration
involving coupled ring cavities will also be presented; despite not be-
ing a transposition of the injection locking technique described in the
previous chapter, it is a promising approach for on-chip generation of
THz signals using coupled cavities effects, and it has therefore been
included in the description.

4.1 options for dual injection locking integration

The first elements needing integration would be the external CW

lasers, which would need to be fabricated on the same chip as the
PMLL. The most direct and obvious possibility to integrate a CW single-
mode optical source on a chip is to rely on a SRL or on a DFB laser.
The Optoelectronics Group at the University of Glasgow has expert-
ise in the fabrication of both kind of devices, and both could provide
wavelength tunability through current and temperature tuning. The
SRLs are less controllable with regards to the lasing direction and
wavelength stability, issues not present in the DFB laser but at the price
of higher fabrication complexity because of the grating definition. As
for the PMLL, the standard cavity with a linear FP geometry would
have to be abandoned in favour of a mode-locked structure that al-
lows routing and coupling on chip of the signal from the CW lasers.
Again the use of SRLs is a possibility also for PMLLs, with different
configurations available depending on the number of absorbing sec-
tions and their position with respect to the output coupler, as shown
in Figure 4.1.

The first ML configuration based on SRLs has a single SA placed sym-
metrically opposite the output coupler, so that counterpropagating
pulses will experience similar conditions and exit the ring simultan-
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(a) Symmetric single SA

configuration.

SRL 

Outputs 

SA SA 

(b) Symmetric dual SA

configuration.
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Outputs 

SA 

(c) Output coupler SA con-
figuration.

Figure 4.1: Illustration of the different configurations available for ML in
SRLs.

eously (Figure 4.1a). Despite this being the most simple and obvious
ML scheme for a SRL, the best pulse characteristics are given by sym-
metrically placing two SAs in the cavity [151], as shown in Figure 4.1b.
Such implementation is not compatible with injection locking, given
the importance of coupling the external CW light directly into the SA,
so a scheme as the one in Figure 4.1c is needed.
Given these considerations, three possible routes for generation of
high-repetition rate optical signals on chip have been identified, all of
them depicted in Figure 4.2:

• The first approach exploits two DFB lasers as integrated sources
of CW signals, with their output combined in a single wave-
guide through an MMI coupler and subsequently coupled into
a SRL mode-locked cavity by means of a directional coupler, as
shown in Figure 4.2a. As previously stated the CW lines need
to be coupled directly into the absorber, making the dual SA

mode-locking configuration unsuitable and requiring a single
SA contact placed on the directional coupler; secondly, the in-
trinsic behaviour of SRLs makes it impossible to anticipate if the
clockwise or anticlockwise direction will be preferred for lasing,
therefore two DFB lasers are needed on each side of the SRL to
ensure co-directionality between the injected CW signals and the
lasing modes. Finally, several sets of DFB lasers covering a broad
spectral range are necessary as well, since it is not possible to
predict exactly the wavelength at which the SRL lases.

• The second proposed approach relies on two DFB lasers injecting
in a semicircular PMLL. Between the integration options, this is
probably the most similar to the technique demonstrated with
discrete components, and it would require half the chip area
compared with the previous approach. Figure 4.2b illustrates
this technique for injection in a CPML laser, even though inject-
ing into a single SA positioned next to the cleaved facet could
also prove effective for generation of high frequency optical sig-
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(a) Integrated injection locking scheme,
DFBs in mode-locked SRL.
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(b) Integrated injection locking
scheme, DFBs in CPML laser.

Figure 4.2: Schemes depicting the available configurations for on-chip gen-
eration of ultra-high frequency optical signals.

nals. The difference between the two cases is the amount of
optical feedback in the DFBs cavities, minimised if the injecting
laser is not subject to direct reflection from the facet. A certain
amount of optical feedback is thought to sustain the injection
locking mechanism, whereas too much would hinder and even-
tually stop the lasing operation.

It must be mentioned that since all proposed devices involve
curved geometries, their fabrication on the 3QW material platform is
not advised; despite this material displaying improved ML perform-
ance for PMLLs in a FP cavity configuration, the far-field reduction
layer pulling the mode down increases bending losses and makes it
unsuitable for SRLs fabrication. For this reason the fabrication of all
devices involving curved waveguides took place on the 5QW material.

4.2 harmonic locking through vernier effect

Generation of optical signals at higher harmonics of the PMLL fun-
damental repetition rate can also be obtained by exploiting the inter-
action of only two coupled cavities, thanks to a phenomenon called
Vernier effect. This section will briefly explain this phenomenon and
how it can be applied to laser cavities for several applications, before
presenting the experimental results from coupled SRLs.

4.2.1 Vernier Effect

The Vernier effect is well known for its application in high-resolution
distance measurements, but its principle can be applied also to op-
tical combs and it has been applied to expand the tuning range of
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Figure 4.3: Longitudinal modes spectra for two laser with different FSRs. A
25 % shift of the FSR leads to a shift of the point where the two
combs coincide by 12δλ.

semiconductor lasers [152]. It is based on the fact that two optical
combs whose FSRs differ by δλ will coincide for wavelengths spaced
by:

∆λ =
∆λ1∆λ2

δλ
(4.1)

This effect is depicted in Figure 4.3; in the case of the two op-
tical combs being reflection spectra of the two mirrors of a FP cav-
ity laser, lasing can only occur for wavelengths where both reflec-
tion combs are non-zero, which yields a large tuning capability for
the semiconductor laser, limited only by the gain bandwidth. The
practical implementation of the comb-like reflection spectra is nor-
mally achieved through spatial Bragg gratings, generally sampled
gratings [153]. The Vernier effect has been applied not only for
wavelength tuning of active devices, but also for increasing the FSR

of ring resonators fabricated on Silicon-on-Insulator (SOI) platforms

Slave 

ML SRL 

Outputs 

SA SA 

Master 

SRL 

Figure 4.4: Scheme depicting the chip
topology for mutually
coupled Vernier SRLs.

while avoiding the non-
negligible bending losses ex-
perienced when the ring radius
is less than few µm [152, 154].
Moreover, it was also exploited
for mm-wave generation using
DBRs and DFB lasers injection
into SRLs [155]. In this work
the Vernier effect has been
used as mean for generation
of quasi-THz repetition rate
optical pulses, based on the chip
design presented in Figure 4.4.
It is based on the combina-
tion of two SRLs, with the one
dubbed the “slave” device being
mode-locked by placing one or
multiple SAs within the cavity.
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The device dubbed “master” laser would also be a SRL, but with
continuous wave emission (without SAs). Since both devices share the
same material, by a proper design of the respective cavity lengths the
Vernier effect can be exploited in order to achieve an overlap between
the optical combs only every N modes. Optical injection from the
master CW into the slave mode-locked SRL will then induced pulsed
emission at the cause its pulsed emission at the Nth multiple of its
fundamental repetition rate. The validity of this technique for pulsed
emission at very high repetition rates (up to THz) has been tested
experimentally; the results are object of the next paragraph.

4.2.2 Coupled ring cavities, experimental results

A chip containing coupled cavities SRLs was fabricated on the 5QW

material. The FSR of the “slave” mode-locked laser was chosen to be
60 GHz, corresponding to a cavity length of ∼1.4 mm. All fabricated
mode-locked SRL had a racetrack cavity to facilitate output coupling
of the laser light. The length of the output coupler was 234 µm and
the gap between the ring and the output waveguide was chosen to be
800 nm in order to provide ∼30 % coupling. The “master” SRLs were
chosen to be circular so that injection would take place through a
point coupler. The master SRL was designed to have an output coupler
as well for monitoring purposes. An optical microscope image of one
of the devices fabricated is shown in Figure 4.5.

The two coupled cavities are pointed out in the picture, both the
slave and the master one. The output waveguides can also be seen
for both lasers; it is worth mentioning that the they are tilted by 10 ◦

next to the cleaved facet to minimise back-reflections. The gap of the
point coupler used for mutual injection was chosen to be 800 nm, cor-

Master 

CW Laser 

Slave ML 

Laser 

SAs 

100 μm 

Output 

WGs 

Figure 4.5: Optical microscope image depicting one of the fabricated Vernier
devices.
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responding to a simulated mutual coupling of 0.4 %. While the FSR

of the slave SRL was fixed to 60 GHz, that of the master ring had
a different cavity length for each device. It was decided to fabricate
the following ratios between coupled cavities: 5/6, 10/11, 15/16, and
20/21. For each ratio two sets of devices were fabricated with the total
lengths of the absorbing sections being either 2 % or 5 % of the total
cavity length, split equally through a dual contact split geometry. The
large area occupied on the chip by each device did not allow evaluat-
ing a broader range of SA lengths or cavity lengths ratios. The choice
of 2 % and 5 % SAs was motivated by the fact that they are known to
provide the best ML performance for SRLs on the 5QW material [106].
The absence of external CW lasers made the experimental setup much
simpler, with the output of the passively mode-locked ring first
coupled into a tapered fibre lens, and then split by a fused coupler
with a 9 : 1 ratio between an auto-correlator and an OSA for mon-
itoring purposes. Unfortunately a stable IAC trace displaying clean
ultra-high repetition rate optical signals was never obtained no mat-
ter what device, SA reverse voltage or current in the master or slave
device was applied.
Some encouraging results were obtained though, with the most inter-
esting behaviour presented by the two SRLs whose relative cavity ratio
was 20/21. Characterisation of the single SRL cavities without external
perturbation showed a well-known and documented behaviour, with
both lasers displaying bidirectional operation close to threshold, then
switching to unidirectional operation for increased pumping. After
the unidirectional mode is reached, increase in current causes the
cavity to alternate between the clockwise and counter-clockwise dir-
ection for different current intervals [156]. The non mode-locked
SRL had a threshold current of ∼80 mA (correspondind to a cur-
rent density Jth of 2.9 kA/cm2), while the mode-locked one had a
threshold of ∼125 mA (Jth = 4.8 kA/cm2). With both devices turned
on, best results were recorded with the injecting laser biased just be-
low threshold, whereas an increase caused the mode-locked ring to
collapse into single-mode operation at the same wavelength and dir-
ection of the other ring, suggesting an excessively perturbed cavity.
Figure 4.6 shows the wavelength map of the mode-locked SRL for a

fixed current of 58 mA (∼0.66Ith) in the other laser. One of the SA was
left floating while the other one had a reverse voltage of −1 V applied.
The multiple peaks displayed by the optical spectrum have a spacing
of ∼1.26 THz corresponding to 20 times the FSR of the mode-locked
device (60 GHz). This is consistent with the cavities ratio and it con-
firms the non mode-locked one acts as a filter for the emission of the
other SRL through the Vernier effect. The IAC trace presented a 70 %
average pedestal and the superposition of two modulations corres-
ponding to the frequencies of 60 GHz and 1.26 THz. Such behaviour
was stable for currents in the mode-locked SRL ranging between 175
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Figure 4.6: Wavelength Map for injected SRL for 58 mA in the round ring
cavity.

mA and 255 mA, with the 60 GHz modulation component on the IAC

trace minimised for low currents. Figure 4.7 shows the IAC and OSA

traces for a current of 178 mA and 58 mA in the mode-locked and
non mode-locked device, respectively.

The integrated Vernier devices have shown promising results,
suggesting that an improved device design might lead to an effective
generation of ultra-high frequencies pulses. The incomplete locking
shown by the fabricated devices suggest the 0.4 % mutual coupling
typical of a point coupler with a 800 nm gap is not enough for a
good shaping of the produced pulses for high frequencies. One of
the possible modifications could be increasing the injection between
the master and slave SRL. Since a reduction of the gap between the
waveguides below 800 nm would present RIE lag issues and possibly
jeopardise effective device coupling, an alternative solution could
rely on implementation of a racetrack geometry for the master SRL
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as well, with the possible situations illustrated in Figure 4.8. The

d 

L 

(a) Coupling of racetrack SRLs.

L1 

d 

(b) Coupling between SRLs with later-
ally shifted coupler.

Figure 4.8: Schemes depicting the available configurations for increasing the
coupling between SRLs with respect to the point coupler case.

most straightforward way to couple two racetrack SRLs is using
their straight sections to realise a directional coupler, as Figure 4.8a
shows. Simulations have been carried out with BeamProp™to find
the amount of optical power coupled between two waveguides
having a length L of 234 µm (the same length as the straight section
in the racetrack geometry for a 60 GHz ring) varying the gap d
between them, with the results in terms of mutual coupled power
displayed in Table 4.1. The fabrication of a variable gap between

Gap d [nm] Coupling [%]

800 33

1100 10

1400 3

Table 4.1: Coupling ratio for different gap widths on the 5QW material, with
a coupling length of 234 µm.

the non mode-locked and mode-locked SRLs can be challenging as
very precise control of lithography and RIE lag is required. A simpler
and more robust way to tune the coupling between ring cavities is
a lateral shift of the devices with respect to each other, in order to
change the coupling length, as shown in Figure 4.8b. The amount of
power coupled as a function of the length follows a sine-squared law,
therefore given a certain gap between waveguides the percentage of
optical power mutually coupled between them could be precisely
chosen simply by choosing an appropriate length L1. The use of a
racetrack geometry for both rings and the use of directional couplers
can increase the mutual coupling, thus is likely to provide better
results at high repetition rates. Care must be taken through the
design stage so that the final Vernier devices will present a good
balance between the benefit of an increased coupling to the locking
mechanism and an excessive injection, where high perturbation
might trigger complex phenomena; a coupling below a few percent
would most likely prove ideal.
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Another point which would need further investigation is the op-
timum length of the SA section, in the preliminary coupled SRLs the
only absorbing lengths present were 2 % and 5 % of the total cavity
length, but there is probably room for improvement regarding the
ML stability and the range of currents over which ML takes place.

4.3 conclusions

The first part of this chapter has reported on the possible routes for
monolithic integration of the dual CW injection technique described
in the previous chapter. The fabrication of integrated devices exploit-
ing dual CW injection in a PMLL will be implemented in future work.
The second part of this chapter has discussed a different technique
to achieve harmonic locking of mode-locked SRLs, based on the Ver-
nier effect. The best results were obtained from coupled micro-ring
cavities having a 20/21 ratio between their cavity lengths, with one
of the devices being mode-locked. Consistently with expectations, the
optical spectrum displayed the superposition of two modal comb spa-
cings, the FSR of the mode-locked device (60 GHz) and the spacing for
which the combs of master and slave SRL overlap (1.26 THz). The IAC

trace showed the same behaviour in the time domain, with the super-
position of two modulations at 60 GHz and at 1.26 THz. The presence
of the unwanted 60 GHz modulation and the high pedestal (70 %)
measured in the IAC trace suggests the coupling between the two cav-
ities (0.4 %, obtained by use of a point coupler with a 800 nm gap)
was not optimised. Despite the further optimisation needed, the ex-
perimental characterisation shown in this chapter has confirmed the
use of the Vernier effect as a potential route for THz-frequencies sig-
nal generation. Several approaches to change and optimise the coup-
ling between master and slave SRL have been discussed, such as the
use of standard directional couplers or laterally shifted ones, to be
implemented in future work.



5
M O D E L O C K I N G W I T H I N T E R M I X E D S AT U R A B L E
A B S O R B E R S

This chapter describes how a bandgap shift of the SA section can be
used to improve the performance of PMLL lasers. The two QWI tech-
niques described in Chapter 2 have been applied to induce a bandgap
blue-shift in the SA regions, and the ML characteristics have been ana-
lysed and compared for QWI and as grown devices. The structure
of this chapter is as follows: first the benefits of a detuned absorber
bandgap will be discussed; the analysis of results from the intermixed
devices employing both QWI techiques will follow, with particular at-
tention to the way the SA detuning affects ML operation; finally, the
last section will outline the main achievements and possible future
work.

5.1 bandgap shifted absorbers , motivation

As explained in Chapter 1, a successful pulse formation is based on
the joint action of gain and absorbing sections, with an optimum com-
bination of gain and absorption characteristics. The operating condi-
tions providing optimal SA performance are in contrast with those
maximising the gain, therefore ML is typically limited to a narrow re-
gion of gain currents and reverse voltages on the SA by the fact that
both gain and SA sections share the same material composition, unless
especially targeted integration techniques are used. This was the case
for the first application of bandgap wavelength detuning between SA

and gain section [97], where a bandgap shift in the absorber was
obtained by growing a material with different bandgap for the SA

through selective area growth [157]. This is one of the active-passive
integration techniques listed in Table 1.1, with its main advantage
consisting in the flexibility to define different bandgaps on a single
sample, allowing also to have both red and blue shifts in the bandgap.
The downside of the selective growth technique is the added fabric-
ation and epitaxial complexity because of the non planarity of the
sample; moreover, there is a transition region between chip areas with
different bandgaps and this composition gradient affects the spatial
resolution. There was no mention of this issue in [97], where the main
focus was on the changes affecting the temporal width of the pulse as
a function of the induced bandgap shifts between gain and absorbing
section. The cited work compared both blue and red detuning of the SA

for a number of devices, with the best results given by blue-shifted
SAs. In particular, detuning the bandgap of the SA towards shorter

101
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wavelengths by 20 nm reduced the FWHM of the generated pulses by
a factor of two in comparison with a non-detuned SA. This behaviour
can be ascribed to a reduced absorption recovery time, following the
fact that a blue-shifted SA is more transparent to the propagating
optical mode and therefore needs a larger reverse bias to shift its
bandedge until this and the peak of the gain curve are in the same
situation as in the non-detuned devices. Increasing the SA blue shift
too much though (above 25 nm) results in increased reverse voltage
values to achieve the same recovery times, increasing the leakage cur-
rent in the absorber as well.

Following the first demonstration of ML with bandgap shifted SAs,
more recently Scollo et al. have reported on mode-locked devices
whose SAs were detuned by 40 and 60 nm with respect to the bandgap
of the emission (1530 nm), which were able to emit sub-ps pulses
[158]. In both reports the aim of the research was the generation of
ultra-short optical pulses. In [97] the main focus was the develop-
ment of an effective pulse-shortening technique, and the best results
were obtained with a 24 nm shift, providing pulse compression from
2.6 ps to 1.2 ps. In this work instead the primary goal of inducing a
bandgap shift in the absorbing sections was to improve the emitted
power performance of semiconductor PMLLs. The region of optimal
ML operation for devices fabricated on the 3QW material is presently
limited to low currents (∼100 mA) corresponding to a few milliwatts
of total power. As the analysis presented in Chapter 1 has pointed
out, good ML in MQW systems is obtained for limited intervals of gain
section currents and SAs reverse voltages because of the wavelength-
dependent properties of the absorbing section. Starting from a mode-
locked situation, an increase of the current in the gain section induces
a growth in the generated photocurrent of the SA section. The asso-
ciated Joule heating causes the SA bandedge to drift towards longer
wavelengths with respect to the bandedge of the gain section, thus
the change in relative detuning between the two regions modifies the
SA absorption properties, eventually leading to the ML mechanism be-
ing hindered or disappearing altogether.
Based on this theoretical interpretation for the interplay between gain
and absorbing regions, a bandgap blue shift applied on an integrated
SA would therefore be able to extend the ML range to higher currents.
The photocurrent-induced Joule heating would of course still exist,
but the blueshift of the SA will cause the optimal absorber-gain detun-
ing for ML to occur for higher currents in the gain section with respect
to a non-detuned SA. Moreover, the application of a bandgap shift to
the SA region could increase the escape rate of the photo-generated
carriers, leading to higher saturation intensities and narrower pulses.
Between the possible approaches to induce a blue-shift in a MQW ma-
terial platform, QWI is a good candidate, being a fully post-growth
technique compatible with the standard fabrication flow and not re-
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quiring complex re-growth steps. The QWI techniques described in
Chapter 2 were therefore applied to fabricate FP lasers and PMLLs.
Given the improved output power performance of PMLLs on the 3QWs

material and the absence of curved structures from the designs (mean-
ing bending losses were not an issue) the 3QW material was preferred
over the 5QW one.

5.2 post-etch qwi devices , experiments

The post-etch technique was introduced as part of this work as an at-
tempt to address some of the limitations of the standard one. Since
apart from the preliminary results shown in Chapter 2, devices ex-
ploiting this new proposed QWI technique had never been fabricated,
the realised mask contained two kinds of devices, some PMLLs with
the standard split contact geometry for gain and absorbing regions,
and some FP cavity lasers for basic characterisation. The results ob-
tained from both kinds of devices will be described in the following
paragraphs.

5.2.1 FP lasers

The FP laser that were fabricated had the contact section not cover-
ing the entire length of the device, and had the regions in direct
proximity of the cleaving edges thus left unpumped, but intermixed.
The distance between the areas that underwent QWI and the pumped
section was varied between −40 and 40 µm, with a negative value
meaning an overlap between the intermixed area and the p-contact.
A schematic of the fabricated pattern is depicted in Figure 5.2a. The
total cavity length was 2050 µm corresponding to a mode spacing of
∼20.6 GHz while the contact on the gain section was 1750 µm long.
By assessing the performance of each of the FP lasers in terms of
threshold current density (which should vary depending on the dis-
tance from the QWI region) it is possible to extrapolate important in-
formation about spatial resolution and gain degradation displayed by
the post-etch-QWI technique. Unfortunately, time constraints preven-
ted the fabrication of a large number of samples to be annealed at a
different temperatures for an extensive characterisation of the devices
behaviour as a function of different bandgap blue-shifts. The target
value for the detuning was therefore set to ∼15 nm, even though
this was less than what deemed optimal in previous experiments
[97], especially regarding the operation of the mode-locked devices
described in the next paragraph. Given the limited number of fabrica-
tion runs available a conservative approach was preferred, in order to
avoid a SA whose losses would be too low to effectively trigger pulsed
operation. Given the results of the preliminary tests regarding the PL

shifts (see Chapter 2) and in light of the considerations regarding the
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Figure 5.1: LI curves for a FP laser with intermixed mirror sections.

achieved bandgap shifts varying between 2 mm test samples and fi-
nal devices (having size 11x12 mm) [105], it was decided to anneal the
sample for 1 minute at 600◦C after the copper-doped silica sputtering
and the deposition of the protective PECVD silica layer. The sample
showed an effective lift-off of the sputtered layer, confirming once
again the robustness of the PMMA quadruple layer recipe targeted for
lift-off of sputtered material on non-planar surfaces. The fabrication
followed the steps shown in Figure 2.1 for the post-etch-QWI case.

After completion of the devices, the FP lasers characterisation star-
ted from the LI curves. For this measurement current was injected
in the gain region by means of a single probe. The output power
was collected by a broad area power sensor (ThorLabs S132C) whose
output was read by a digital power meter (ThorLabs PM100D). All
measurements were made with the sample placed on a copper sub-
mount whose temperature was controlled through a TEC module, and
kept constant at 20 ◦C. The LI power and voltage curves for one of
the FP lasers are shown in Figure 5.1. All devices showed a lasing
threshold averaging 175 mA, suggesting the optical mode was exper-
iencing propagation losses ∼5 times as high compared to standard
3QW PMLLs. The discontinuity in the emitted power at threshold is
a clear indication of a highly lossy optical cavity, needing very high
pumping before a stable lasing oscillation can be maintained.

The evolution of the threshold current density against the dis-
tance of the intermixed section from the gain region is plotted in
Figure 5.2b, with no significant changes observed in the threshold
current density value; the measured value was on average ∼5 times
higher than what typically measured for this material system [6, 107],
suggesting a degradation in the gain characteristics of the material.
The fact that such gain deterioration does not depend on the dis-
tances from the QWI region suggests it is not due to the QWI process
itself, but most likely to the high-temperature annealing process hap-
pening after dry etch. Despite the sample undergoing RTA at a lower
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Figure 5.2: Schematic of the fabricated pattern and summary of the
threshold current density for FP lasers fabricated with the post-
etch-QWI technique.

temperature with respect to the classic-QWI technique, the fact that
the material has already been etched to the top of the MQW layer is
likely to increase its sensitivity towards high-temperature processes.

The sample contained also sets of 2 µm waveguides, some com-
pletely intermixed and some non-intermixed at all, in order to al-
low assessing the actual energy bandgap shift obtained on the final
sample from the post-etch-QWI process. The spatial resolution of the
process was assessed using the same experimental setup described
in Chapter 2, Figure 2.18. Comparison between the two wavelength
scans (Figure 5.3) shows a bandgap shift of ∼21 nm, slightly larger
than what expected at this temperature. The results of Figure 5.3 also
suggest that the high losses cannot be ascribed to a lack of blue detun-
ing causing photoelectric absorption, but rather to other effects need-
ing further investigation. Moreover, being the two measured wave-
guides 50 µmm apart this measurement also confirms the spatial res-
olution is less than this value, excluding the hypothesis of the whole
sample being intermixed as an explanation for the lasers poor per-
formance.
The possible causes to explain a gain deterioration when the post-
etch-QWI process is used are: dislocations caused by the introduction
of copper atoms [159]; phosphorus desorption during the annealing
step hindering the quality of the p-cladding [160]; the p-dopant (Zinc)
diffusing to the QWs and precluding lasing operation [161]; and fi-
nally, reactions at the interface between the PECVD silica protective
layer and the material, affecting the QW region [162–164]. In particular
this last phenomenon is believed to be the most likely cause, consider-
ing that it is the only one exclusive to the post-etch-QWI technique. In
fact, copper is introduced in the material system also when using the
classic-QWI technique, the annealing temperature has higher values
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Figure 5.3: Wavelength scan results for QWI and as grown waveguides
bandgap. The two traces have been normalised for ease of com-
parison.

and therefore those devices are bound to be more affected by phos-
phorous desorption and Zinc diffusion phenomena; instead, as it will
be discussed later despite some gain degradation issue the change in
threshold for devices fabricated with the classic-QWI technique is not
as penalising as what was observed in Figure 5.2b. The explanation
for the post-etch-QWI showing bad lasing performance is thought to
lie in the chemical reactions happening at the interface between the
PECVD silica layer and the material. One of them regards the interac-
tion between the dielectric and the p-cladding, while the remaining
two involve the QWs layers. These phenomena can be described by
the following chemical formulae:

2InP + 4SiO2→In2O3 + P2O5 + 4Si (5.1)

4Al + 3SiO2→2Al2O3 + 3Si (5.2)

4Ga + SiO2→2Ga2O + Si (5.3)

The first reaction (Equation 5.1) takes place at the interface between
the indium phosphide p-cladding and the silica layer (just PECVD in
the non-intermixed area or both sputtered and PECVD where QWI is
implemented), where it forms indium and phosphorus oxides. This
phenomenon is documented in [162], which states it becomes relevant
for annealing temperatures higher than 400◦C. The fact that causes
this reaction to be detrimental for the material system is the free sil-
icon it produces, since silicon, being a IV group element, acts as an
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n-dopant and reduces the p-doping of the material top layer. Further-
more, the high temperature RTA could drive diffusion of free silicon
atoms towards the QWs causing an n-doping of a region which should
remain undoped for good lasing operation. The second and third re-
action (Equations 5.2 and 5.3) regard instead the interaction of the
atoms of the wells and barriers region with the silica layers above.
The considered MQW system is based on Al-quaternary compounds,
and the presence of Aluminium and Gallium leads to the formation
of their respective oxides [163, 164]; again these phenomena are neg-
ligible at temperatures lower than 400◦C, but grow exponentially for
temperatures above that threshold. Similarly to the first reaction they
hinder the material lasing operation through release of free silicon,
which laterally diffuses to the waveguide core thanks to the high an-
nealing temperature. All these phenomena arise because of the in-
termixing phenomenon taking place after the waveguides definition,
thus allowing direct contact of the deposited silica with both the in-
dium phosphide top cladding and the QW region before the sample is
brought to high temperature. This issue is not present when employ-
ing the classic-QWI technique, where both sputtered and PECVD silica
are deposited prior to the dry etch process, in direct contact with the
InGaAs cap layer.
A chance of improving the performance of this technique could be
to replace silica with a different dielectric, both for the sputtering
step and the protective layer deposition. One possible candidate is
silicon nitride, whose main advantage is the high compatibility with
the existing process, since it can be deposited through both sputter-
ing, PECVD and ICP techniques. One of the possible problems with
this alternative is the use of another silicon-based dielectric, which
could trigger the same phenomena observed with silica at high tem-
peratures, despite reactions similar to those above not being docu-
mented so far. Another possibility is the use of magnesium oxide
(MgO), which can be deposited by means of sputtering and PECVD

techniques [165, 166]. Its wide use as refractory material proves its
physical and chemical stability when subject to high temperature RTA

steps. Furthermore, similarly to silica it can be easily wet-etched in
diluted hydrofluoric acid [167], thus proving good compatibility with
the fabrication process already in place. Unfortunately, the imple-
mentation of any of the suggested changes would require a complete
re-assessment of the QWI recipe, from the sputtering deposition rates
to the adequate copper content and annealing temperatures necessary
for a certain bandgap shift, and this was incompatible with the time
frame assigned to this work. The re-assessment and optimisation of
the post-etch QWI will be the object of future work.
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5.2.2 Passively mode-locked lasers

Despite the FP lasers not showing good lasing performance, the ML

performance of the mode-locked devices fabricated on the same chip
as the FP lasers was assessed for completeness, also to gain a fur-
ther insight on the post-etch-QWI dynamics. ML was observed for all
devices having a SA section between 0.5 % and 8 % of the cavity length,
with the applied reverse voltage spanning from −4.5 V and −1.75 V
depending on the length of the SA section. In all cases the generated
pulses showed a coherence spike, which is when the pulse shape is char-
acterised by a narrow peak atop a broader pedestal of finite duration.
Figure 5.4 uses two IAC traces generated from standard PMLLs fabric-
ated on the 3QW material platform (without use of the post-etch-QWI

technique) to illustrate what pulses unaffected ( 5.4a) and affected
( 5.4b) by a coherence spike look like.
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Figure 5.4: Example of IAC traces showing pulses unaffected (a) and affected
(b) by coherence spikes.

The presence of coherence spikes on the pulse train is a clear in-
dication of optical emission affected by noise bursts [168–170]. A con-
tinuous noise source would in fact give rise to a constant pedestal
between consecutive pulses on the IAC, whereas noise bursts oscil-
lating at the cavity round-trip frequency produce a shallow modula-
tion on the pedestal. The presence of coherence spikes suggests in-
complete ML, affected from double or satellite pulses and generally
having a complex intensity profile. It is often an indication of excess-
ive gain pumping, as it is definitely the case for these post-etch-QWI

devices, since the measurements on the FP lasers have shown very
high threshold carrier density (5 kA/cm2), and the threshold obvi-
ously increases even more when a reverse biased region is present, e.
g. going from 175 mA to 250 mA for a device with a 3.5 % absorber
biased at −1.75 V.

The SA lengths providing the best performance for the post-etch-
QWI devices are the same that produce the best overall performance
for non-intermixed devices (between 2 % and 5 % of the total cavity
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Figure 5.5: IAC, OSA and RF trace for a laser with a 3.5 % intermixed SA sec-
tion.
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length). Between all devices producing optical pulses, the one with
a 3.5 % SA length was the least affected by coherence spikes. The IAC

trace, the RF trace and the OSA trace for this case are displayed in
Figure 5.5. It can be clearly observed from Figure 5.5a that the op-
tical pulses are not free from coherence spikes, with this being more
obvious for the first pulse. The poor quality of ML is confirmed also
from the OSA trace (Figure 5.5b), where the comb of optical modes
displays a very shallow modulation, together with an asymmetry
and a narrow-peaked spectral shape. Furthermore, from a zoom of
the RF trace (Figure 5.5c), if a Lorentzian shape is assumed for the
RF signal, the obtained linewidth at −3 dB has a value of 3 MHz,
about three times higher than the best achieved result for PMLLs with
non-intermixed SAs. Such a wide RF spectrum agrees with the very
high gain pumping (7.5 kA/cm2) and is yet another indication of
phase locking instability. Because of the poor lasing performance ex-
hibited by the post-etch-QWI devices, no extensive characterisation
of their ML performance was carried out. The very high current and
the consequent considerable amount of Joule heating present in the
post-etch-QWI devices caused a red-shift in the emission wavelength
at threshold, with all measured devices starting to lase at ∼1550 nm,
whereas the same non-intermixed FP cavity PMLL would start lasing
at ∼1530 nm. Operation at high currents induces large photocurrents
also on the SA section, causing early electric failure of the absorber
and a generally limited lifetime of the laser. Because of the issues pre-
viously discussed, the post-etch-QWI technique did not allow to test
the effects of a bandgap detuned SA on the devices ML operation. It
was therefore decided to fabricate another chip where the bandgap
of the absorber was shifted by means of the classic-QWI technique.

5.3 classic-qwi devices , experiments

The classic-QWI technique was well-established and had been widely
used by the Optoelectronics group at the University of Glasgow,
though mostly for passive interconnects or phase shifters. Thus the
fabricated chip did not include any FP lasers, only PMLLs with the
split-contacts geometry were realised. The only characterisation struc-
ture added to the designed mask was a spatial resolution test pattern,
since a fluctuation in this parameter between repeated fabrication
runs was one of the known limitations of this technique.

5.3.1 Passively mode-locked lasers, basic characterisation

A set of PMLLs was fabricated with SA section lengths varied between
1 % and 15 % of the total FP cavity length. That was chosen to be
1250 µm in order to produce optical pulses with a repetition rate of
∼36 GHz (quasi 40 GHz). The sample contained bars with intermixed
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absorbers and bars whose absorbing section was not bandgap shif-
ted. The target bandgap shift for the whole sample was set to ∼15
nm, with the same considerations previously mentioned about the
post-etch-QWI case still holding, and this detuning being considered
an optimal trade-off. In order to tackle the aforementioned poor re-
producibility of the classic-QWI technique, a test sample underwent
the copper and silica sputtering alongside the main one, then it was
subject to RTA tests and PL measurement to calibrate the required an-
nealing temperature for the targeted shift. As a result of this prelimin-
ary test it was decided to anneal the sample for one minute at 660◦C
after lift-off of the sputtered copper and silica layer and deposition of
the protective PECVD silica. Once fabrication of the sample was com-
pleted with cleaving and mounting, the first characterisation step was
the measurement of the LI curves. These measurements were of sig-
nificance especially for those bars having intermixed SAs, to check if
undergoing the classic-QWI technique had caused significant changes
in the lasing threshold. During the LI measurements, only the gain
section was probed, while the SA contact was left floating; the tem-
perature was always kept at 20 ◦C as in the previously described LI

experiments. The power and voltage LI curves for devices with SA

length varying between 1 % and 15 % are displayed in Figure 5.6.

SA 15% 

SA 1% 

(a) Emitted power vs. injected current.

SA 1% 

SA 15% 

(b) Junction voltage vs. injected current.

Figure 5.6: LI curves for PMLLs with intermixed SA sections of various
lengths, with the absorber left floating. The step in SA length
for the displayed family of curves is 1 %.

All devices were found to be lasing with their optical total emitted
power (Figure 5.6a) at 50 mA ranging between 4.2 mW and 3.2 mW
for the shortest and longest absorbers, respectively. The threshold cur-
rent varied between 27 mA and 37 mA for the shortest and longest
absorbing regions, respectively. The voltage traces (Figure5.6b) were
used to determine the series resistance of the devices, which was cal-
culated at 50 mA to be between 21.5 Ω and 26 Ω for increasing SA

lengths. These values are quite high considering that non-intermixed
PMLLs fabricated on the 3QW material normally exhibit a resistance
of only few Ω for the same current value, but this is a known con-
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sequence of the classic-QWI process [106]. In fact, the doping level in
the heavily doped GaInAs cap layer, designed to improve the elec-
tric performance of the devices, is affected by the high annealing
temperature and by the introduction of copper, and this translates
into an increased device series resistance. It has been shown by sev-
eral publications how the presence of copper in III-V materials af-
fects their electrical properties, producing p-doped, n-doped or even
semi-insulating layers depending on growth and thermal conditions
[171–173]. During the QWI fabrication step the gain sections were not
covered by copper and sputtered silica but only by the protective
PECVD silica, so a copper contribution to the high contact resistance
could be ascribed only to copper laterally diffusing or to an insuf-
ficient thickness of the layer preventing annealing-induced damage.
Copper is thought to have a much higher diffusivity in the heav-
ily doped InGaAs cap layer than in the p-doped indium phosphide
cladding, therefore at high temperatures it diffuses laterally in the
cap-layer level. A bandgap detuning is therefore induced only in the
sputtered zones, but unfortunately the contact resistance degrades
everywhere on the sample. Dry etching of the cap layer between the
SA and the gain region before the QWI annealing step could provide a
solution to this problem, although adding additional lithography and
etch steps and increasing fabrication complexity.
Besides characterising the LI response of the bars with intermixed
SAs, the actual bandgap shift obtained on the final sample was also
checked by using the same experimental setup recalled earlier in this
chapter for the assessment of the spatial resolution (Figure 2.18). One
of the bars on the sample contained a pattern alternating intermixed
and as grown waveguides with a 100 µm spacing as shown in Fig-
ure 5.7a.

Figure 5.7 also contains, other than a picture of the spatial res-
olution test pattern, the response to a scan of the tunable laser
wavelengths. Three plots are present, with Figure 5.7b showing
the raw data of the voltage output from the photodetector vs. the
wavelength scanned. A substantial difference between signal levels
for the as grown and intermixed case can be inferred from this trace.
Furthermore, from the normalised data in Figure 5.7c one can see
there has been a bandgap blue shift in the QWI case, even though
this displays a shallower fringe modulation for photon energies be-
low bandedge with respect to the as grown waveguide. The scans
have been done sequentially for the as grown and intermixed wave-
guides without changing any parameter of the setup (CW laser in-
put power, polarisation, detector gain, etc.) and a similar coupling
efficiency between them can be assumed. The difference in trace
amplitude and modulation depth above bandedge can therefore be
ascribed to higher propagation losses for the QWI case. As for the
spatial resolution, the PECVD silica protected waveguide not showing
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(a) Picture of the QWI spatial resolution test
pattern.
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(b) Photodetector output vs. tunable laser
wavelength, raw data.
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(c) Normalised photodetector output vs.
tunable laser wavelength.
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(d) Normalised and low-pass filtered pho-
todetector output vs. tunable laser
wavelength.

Figure 5.7: Picture of the QWI spatial resolution test pattern (a), and com-
parison of energy bandgaps between as grown and classic-QWI

waveguides(b,c,d).

any bandgap shift suggests that the spatial resolution of the process
is less than 100 µm.
For a clearer assessment of the intermixing level, the normalised
bandgap shift data have been low-pass filtered, with the result shown
in Figure 5.7d. It can be observed that the obtained energy bandgap
shift is ∼10 nm, falling slightly short of the target value of 15 nm.
This result is yet another confirmation that the classic-QWI technique
only allows an approximate control of the bandgap detuning, partic-
ularly when small energy bandgap shifts are required, even with the
use of test samples to address the inconsistencies of the technique. It
is worth mentioning that while the classic-QWI recipe produced an
SA detuning of ∼10 nm after one minute of RTA at 660◦ C, the post-
etch technique discussed in the previous paragraph achieved a shift
in excess of ∼20 nm with an annealing temperature of only 600◦. This
further confirms that the post-etch-QWI technique can provide greater
bandgap shifts at lower temperatures if the gain issues are dealt with.
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Figure 5.8: Experimental setup used for the characterisation of the classic-
QWI devices.

After the preliminary experiments which assessed the basic las-
ing operation and the spatial resolution, the ML performance of all
devices was assessed using the experimental setup shown in Fig-
ure 5.8. The lasers were mounted on a copper sub-mount kept at
20◦C as for the LI characterisation while two probes were used to in-
ject current and to apply a reverse voltage in the gain and SA sections,
respectively. The output from the gain side of the device was collec-
ted with a fibre lens and then monitored using the traces from the IAC

and the OSA. Before being input to the autocorrelator the pulses were
amplified through anErbium-Doped Fibre Amplifier (EDFA) kept at a
constant gain throughout the whole experiments. The low dispersion
figure of the EDFA (< 35 fs/nm) ensured that there was no broaden-
ing of the output pulses, for pulse widths down to 300 fs.
A LabView™ code was used for automating the data collection, in

order to simultaneously acquire the traces from the different pieces
of equipment and to extensively characterise a great range of currents
and voltages. The bar with QWI applied to the SAs was measured first
and each device whose absorbing length fell between 1 % and 7 % of
the entire cavity displayed pulses for a certain range of gain section
currents and negative voltages applied to the SA.
The IAC data were post-processed using MATLAB™ , the FWHM of the
pulses was extracted and filled contour plots were used to trace the
FWHM evolution with respect to gain section current and SA voltage.
The results for SA lengths ranging from 1 % to 7 % are presented in
Figure 5.9, with all the colour maps depicting the region where the
FWHM of the generated pulses was below 2.5 ps for ease of compar-
ison. The traces from Figure 5.9a to Figure 5.9f immediately show
an expansion of the range of voltages and currents providing stable
ML with increasing absorbing length. This feature is not dependent
on the bandgap shift of the SA but it is characteristic of monolithic
passively mode-locked devices; a longer SA will require higher gain
pumping for saturation of the losses, and have the shortest recovery
time for higher values of reverse voltage. The overall effect of these
combined phenomena is an expansion of the stable ML region towards
larger currents and SA reverse biases. In fact, the apparent very lim-
ited range of SA voltages producing pulses for a 7 % absorbing length
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(a) PMLL with intermixed SA, 1 %. (b) PMLL with intermixed SA, 2 %.

(c) PMLL with intermixed SA, 3.5 %. (d) PMLL with intermixed SA, 5 %.

(e) PMLL with intermixed SA, 6 %. (f) PMLL with intermixed SA, 7 %.

Figure 5.9: Colour maps of the FWHM of the pulses displayed by the IAC for
intermixed devices. The upper limit is 2.5 ps

(Figure 5.9f) stems from the ML spanning much higher currents than
those scanned. If the range of currents scanned is extended to 350
mA, the range of stable ML proves to cover a much larger interval of
currents and voltages, as it will be shown later on in this chapter.
Another feature which is apparent from the colour maps, especially
from the 5 % absorber (Figure 5.9d), is the presence of an “hole”, i.e. a
region of parameter space where no pulses were observed, but nearly
enclosed by regions where pulses below 2.5 ps were emitted. The
region where narrow pulses were not observed is dominated by self-
pulsation phenomena [6, 7]. When self-pulsation dominates over ML
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Figure 5.10: Diagram illustrating how the coherence factor is calculated.

the IAC displays a shallow and non pedestal-free modulation at the
fundamental repetition rate of the system; the RF displays low fre-
quency components, while the optical spectrum becomes wider but
its modulation depth decreases. This regime is an indication of an ab-
sorber recovery time being too long or of the gain being insufficient
to bleach the SA losses.
Between all tested devices, the PMLL with a 7 % SA was the one

that provided the most extensive range of operating conditions pro-
ducing pulses below 2.5 ps. Other than the pulses FWHM, another
quantity can be extracted from the IAC, called the coherence factor. This
can be calculated by the MATLAB™ routine simply checking if the
pulses present a coherence spike, which was discussed earlier regarding
the post-etch-QWI devices. In order to assess if the measured pulses
presented this feature or not, the ratio between the pulse duration
at 20 % and 50 % of its peak amplitude was calculated, and if the
value obtained was lower than the threshold (set to 2.25) the pulse
would be assigned a coherence factor value of 0; otherwise it would
be classified as affected by coherence-spike and be given a value of
1. A diagram illustrating how the coherence factor is calculated is de-
picted in Figure 5.10. It is worth mentioning that despite the name,
the presence of a coherence spike is not related to the coherence time
of the pulses because an IAC measurement is unable to resolve the
phase of the pulse train. More complex pulses characterisation tech-
niques would be needed for that, such as the Frequency Resolved
Optical Gating (FROG) [174], but their use went beyond the scope of
this work.
The coherence factor and the FWHM of the obtained pulses are just two
of a number of quantities that was extracted by means of MATLAB™
post-processing to gain a better understanding on how the detuning
of the SA affected the ML performance. The following list includes
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all the parameters of interest that were extracted from the measured
data:

• Temporal FWHM of the pulses displayed by the IAC trace.

• Spectral FWHM of the trace displayed by the OSA.

• Time-Bandwidth Product (TBP) between the FWHMs of IAC and
OSA traces.

• Peak power to average power ratio for the obtained IAC trace.

• Peak wavelength of the lasing operation.

• Total output power.

• Peak power of the pulses.

• Coherence factor.

An in-depth analysis of the listed quantities only for the PMLLs having
intermixed absorbers would indeed allow a complete assessment of
their ML behaviour, but it would not provide any information on how
their ML performance compares with standard devices. A thorough
comparative characterisation of PMLLs with and without intermixed
absorbers was therefore preferred, focussing especially on the device
with the longest SA section (7 %) for two reasons: first of all this SA

length exhibited the broadest ML range; secondly, given the initial
goal of increasing the pulses power, longer absorbing sections were
preferred to avoid an excessive induced photocurrent and subsequent
SA electric failure. Three kinds of devices were compared, and in the
following they will be referred to in brief for fluency:

“cold” as grown This category refers to PMLLs whose absorbers
have not undergone the intermixing process, and fabricated on
samples where none of the devices was intermixed; during the
fabrication flow these samples have never been brought to tem-
peratures higher than 380◦C, that of the ohmic contact anneal-
ing.

“hot” as grown These lasers belonged to samples which experi-
enced high temperatures (> 650 ◦C) during the fabrication pro-
cess, despite not having intermixed absorbers.

intermixed Finally, this category simply refers to PMLLs whose SAs

have undergone the classic-QWI process.

A comparison of the ML operation for all three kinds of devices
allows to establish which changes are due to the detuning of the SA

bandgap and which are instead mainly a consequence of the material
being annealed at very high temperatures. As mentioned previously,
the analysis focussed on three devices having the same percentage
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of absorbing length with respect to the entire cavity, always 7 %. The
length of the cavity changed slightly between the three devices be-
cause of the unavoidable cleaving error with the available tools. How-
ever, the ML behaviour of PMLLs has been demonstrated to depend on
the ratio between SA and total cavity length rather than on its abso-
lute size [6]. The comparison between devices was therefore judged
to be meaningful as long as absorbing lengths constituting the same
percentage of the cavity are considered. This was indeed the case,
with SAs of 85 µm, 90 µm and 88 µm for the “cold”, “hot” and in-
termixed case respectively, whose bars were 1240 µm, 1275 µm and
1250 µm long, respectively. It is worth mentioning that all the exper-
iments were carried out sequentially for all devices, only realigning
the setup to maximise the power coupled to the lensed fibre when
a device was swapped with the next one. The lack of changes in the
experimental setup guarantees a meaningful comparison between dif-
ferent bars.

5.3.2 Passively mode-locked lasers, “cold” as grown/QWI comparison

This section presents an analysis of the results from the comparison
between intermixed and “cold” as grown PMLLs. This was particularly
significant because “cold” as grown lasers represented the state-of-
the-art for monolithic devices fabricated on a MQW material system,
thus provided an ideal benchmark for the QWI devices to be com-
pared against.

(a) (b)

Figure 5.11: Comparison of pulse FWHM between “cold” as grown and QWI

devices. Absorber length is 7 %.

One of the most important quantities for the comparison is the
FWHM of the pulses displayed by the IAC, which highlights the differ-
ences in current and voltage range providing stable ML. Figure 5.11

compares the FWHM of the pulses between “cold” as grown and QWI

case, with the displayed values having an upper limit of 2.5 ps. At a
first glance the performance do not differ much, though the ML of the
“cold” as grown device extends to slightly higher currents. However,
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it must be pointed out that as the ML region shifts to high currents it
shifts to higher reverse biases as well, increasing the photocurrent in
the SA for a given level of intracavity optical power.

An analysis of the coherence factor maps between intermixed and
“cold” absorber, depicted in Figure 5.12, shows a larger region of
pulses free from coherence spikes for the non-intermixed PMLL. This
is not thought to be related to the detuning of the SA, but rather to
the high temperature RTA to which the material was subject, causing
a degradation of the optical gain. This gain deterioration makes the
ML performance more affected by phenomena like self pulsation and
noise bursts, translating in a complex intensity profile and a coher-
ence spike on the IAC trace.

(a) (b)

Figure 5.12: Comparison of pulse Coherence Factor between “cold” as grown
and QWI devices. Absorber length is 7 %.

Another parameter which was regarded with interest during the
characterisation was the peak wavelength of the optical spectrum.
The colour maps displaying the peak wavelength of the emission for
the range of currents and voltages scanned are shown in Figure 5.13.
There were two possible scenarios for the evolution of the device
mode-locked operation following a detuning of the SA bandgap to-
wards shorter wavelengths, the first being a shift in the range of
voltages providing stable ML; another possibility was a shift in the
emission peak wavelength with the lasing operation “following” the
absorber bandedge, given the broad gain bandwidth. A comparison
between Figure 5.13a and Figure 5.13b indeed shows a blue shift of
the peak wavelength, more obvious for higher gain section currents
and SA reverse biases.

If the analysis is focussed on currents between 250 and 350 mA,
more interesting for comparison since it is where the QWI case out-
performs the “cold” as grown in terms of IAC FWHM for absorber
voltages between −3.0 V and −3.5 V, the blue shift in the OSA peak
wavelength becomes more obvious, as it can be observed in the up-
per right corner of the colour map. These results seem to suggest
there is a change in the emission wavelength of the PMLL when a blue
bandgap shift is applied to the SA, even though this needs verification
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Figure 5.13: Comparison of OSA peak wavelength between “cold” as grown
and QWI devices. Absorber length is 7 %.

and requires further tests on devices with a greater blue shift applied
to their absorber.

Another quantity that gives further information on the ML qual-
ity is the FWHM of the optical spectrum which, if multiplied with
the temporal FWHM of the pulses extracted from the IAC trace, gives
the so-called Time-Bandwidth Product (TBP). This quantity is useful
in establishing how close a pulse is to its transform limit, which is
characterised by the narrowest possible spectrum for a given pulse
duration. The TBP of a transform-limited pulse has a value of 0.315
if it is fitted with a sech2-shaped function, which is the shape that
better describes the pulses obtained from a PMLL on the 3QW material
platform. The TBP data for the intermixed and “cold” as grown case
are compared in Figure 5.14.
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Figure 5.14: Comparison of TBP between “cold” as grown and QWI devices,
for gain section currents spanning between 250 and 350 mA.
Absorber length is 7 %.

It is straightforward from a comparison of the diagrams in Fig-
ures 5.14a and 5.14b that the QWI device exhibits superior perform-
ance in terms of TBP for the considered interval of gain section cur-
rents and SA reverse voltages. This is a confirmation that a PMLL with
a blue bandgap detuning applied to the SA produces optical pulses
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which are less chirped than those emitted from a “cold” as grown
device. Both intermixed and “cold” as grown bar are far from being
transform limited, but this is in line with what previously obtained
for an absorbing region equal to 7 % of the FP cavity length [6].
In view of the initial motivations behind this project, one of the most
important quantities to be compared was the peak power of the train
of pulses. This was calculated by using the total power extracted from
the OSA traces through an integration of the trace, and then normal-
ising the obtained power to the setup losses. These were estimated
to be 16 dB, and in order to verify this method provided an accur-
ate evaluation of the total power further LI scans with the broad area
detector were compared with the data derived from the measured op-
tical spectrum. The LI curves between 250 and 350 mA and the total
power extracted from the OSA trace for the QWI case are shown in
Figure 5.15. Good correspondence can be seen between the two plots,
both showing for example a power of ∼7 mW for a gain section cur-
rent of 350 mA and a SA reverse bias of −4.1 V.
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tained directly from broad area de-
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Gain section current [mA]

S
A

 v
ol

ta
ge

 [V
]

OSA Total Power [mW], QWI SA 7%

 

 

250 300 350

−4

−3.5

−3

−2.5

[mW]
0

10

20

30

40

(b) Total power dependence on SA re-
verse voltage (varied with −0.1 V
steps) and gain section current ex-
tracted from OSA trace through post-
processing.

Figure 5.15: Comparison between the total power obtained from a broad
area detector and extracted from the OSA trace for a QWI device,
with 7 % absorbing length.

A summary of the differences between the performance of “cold”
as grown intermixed lasers in terms of FWHM of the pulses, peak
power and ratio between this and the average power can be inferred
from the juxtaposition of the maps shown in Figure 5.16.

Considering a fixed current of 250 mA for ease of comparison, the
device having an intermixed absorber displays the best train of pulses
(smallest temporal FWHM and highest peak to average ratio for the
IAC trace) when a voltage of −3 V is applied to the SA, with a corres-
ponding total output power for this operating point of 10 mW. The
“cold” as grown laser instead gives the narrowest pulses for higher
reverse biases of the SA, and at −4.1 V on the absorber and 250 mA
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Figure 5.16: Comparison of the FWHM of the IAC pulses, peak to average
power ratio and peak power between PMLLs with a “cold” as
grown and classic-QWI absorber. Absorber length is 7 %.

in the gain section, the corresponding total output power is 8 mW.
Comparing the peak power for the two operating points listed above
(Figures 5.16e and 5.16f), this translates into a 20 mW pulse peak
power difference, with 100 and 120 mW extrapolated respectively for
the “cold” as grown case and the intermixed one. If one is to compare
the “cold” as grown with the intermixed one for the same current-
voltage pair though, i.e. 250 mA and −3 V, from the diagrams it is
immediately clear that the QWI case has a poorer performance.

The difference in peak power performance between the “cold” as
grown and QWI can be better explained through a further compar-
ison of the devices in terms of total power. The LI curves for currents
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between 0 and 250 mA and reverse voltages applied to the absorber
between −1.4 and −4.2 V are compared in Figure 5.17.
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Figure 5.17: LI curves comparison between “cold” as grown and QWI devices,
for gain section currents spanning between 0 and 350 mA. Ab-
sorber length is 7 %.

A comparison of Figure 5.17a with Figure 5.17b, which have been
plotted on the same vertical scale for ease of comparison, immedi-
ately shows that the intermixed PMLL is penalised in terms of total
emitted power. This is because of the gain degradation experienced
by the 3QW material when subject to high annealing temperatures.
It is also the reason behind the fact that despite the device with
detuned absorber producing narrower pulses between −3 and −3.5
V (Figure 5.16b), and having a higher ratio between peak power and
average power (Figure 5.16d), has a lower peak power than pulses
from the “cold” as grown PMLL.

5.3.3 Passively mode-locked lasers, “hot” as grown/QWI comparison

The fact that a blue detuning of the absorber can be beneficial to
the performance of PMLLs on the 3QW material system is confirmed
from a comparison between the “hot” as grown and intermixed cases.
This case is more meaningful as both sets of devices suffer from the
same degradation of the gain and therefore any changes in the ML

performance can be directly ascribed to the SA shift. The fact that
both devices suffer from a similar gain deterioration can be seen from
a comparison of their power LI curves, shown in Figure 5.18.

The shape of the LI curves showed several differences, the most ob-
vious being a much noisier trace from the “hot” as grown case. This
was deemed to be the consequence of the laser being more affected
by mode instabilities as the current was increased. However, the most
relevant outcome from this comparison was that both sets of devices
exhibited a similar performance in terms of maximum emitted op-
tical power, confirming the optical gain was similarly impaired in
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Figure 5.18: LI curves comparison between “hot” as grown and classic-QWI

devices for variying SA reverse biases. Absorber length is 7 %.

both lasers by the high annealing temperature.
As for the ML operation, a clearly superior performance for the QWI

device can be inferred from the colour maps depicting the FWHM of
the pulses displayed on the IAC trace, shown in Figure 5.19. The maps
have been plotted for the same current and voltage intervals, using
the same colour scale for ease of comparison. It can be seen that the
intermixed device produces pulses under 2.5 ps up to currents near-
ing 300 mA, whereas for the “hot” as grown PMLL pulses under the
2.5 ps limit only happen for currents up to 215 mA. This confirms
that the use of a blue-shifted SA is effective in mitigating the thermal
effects which cause the relative detuning between absorber and amp-
lifier section to increase with the current, and which eventually lead
to ML ceasing.

(a) (b)

Figure 5.19: Comparison of pulse FWHM between “hot” as grown and QWI

devices. Absorber length is 7 %.

The shortest measured FWHM of the pulses was ∼ 700 fs for the
intermixed case, while 1 ps for the “hot” as grown, with generally
shorter pulses emitted from the intermixed PMLL. This suggests a
shorter recovery time for the blue-detuned SA, in agreement with a
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shallower QW having a lower escape time for the photogenerated car-
riers.
As for the range of SA voltages providing the narrowest pulse dura-
tions, there is a shift of ∼ 0.5 V towards more negative reverse biases
in the QWI case, in line with expectations as well. It was previously
discussed how for a detuned absorber the stable ML region should
move to higher reverse biases, since a more transparent SA requires
higher reverse voltage to establish the same gain-loss interplay of non-
detuned devices. The fact that the ML region shifts towards higher SA

reverse biases corroborates this interpretation.
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Figure 5.20: Comparison of the FWHM of the IAC pulses, peak to average
power ratio and peak power between “hot” as grown and inter-
mixed case. Absorber length is 7 %.
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The lasers with intermixed absorbers showed a better performance
with respect to the “hot” as grown device, and Figure 5.20 sum-
marises the main results from the comparison. Again the analysis
focussed on the current range from 250 to 350 mA, coherently with
the previous analysis and also because in this interval the intermixed
device most clearly outperforms the “hot” as grown one. This is
obvious in terms of FWHM of the produced pulses (Figures 5.20a
and 5.20b) and of peak to average power ratio (Figures 5.20c
and 5.20d), which mainly retraces the contours of the graph above
since both devices have almost identical cavity lengths and thus
repetition rates. The similar output power performance between
“hot” as grown and intermixed PMLLs together with the fact that the
latter emitted narrower pulses caused its peak power performance
to be superior with respect of that of the other device (Figures 5.20e
and 5.20f).
The maps of the TBP, presented in Figure 5.21, definitely corrob-
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Figure 5.21: Comparison of pulse TBP between the “hot” as grown and the
QWI case. Absorber length is 7 %.

orated the fact that a blue bandgap shift applied to the absorber
reduces the chirp experienced by the pulses.

5.4 conclusions

In conclusion, the application of a ∼10 nm blue bandgap shift to
the absorbing section of a PMLL has proved to be beneficial for ML

operation for the following reasons: it has been shown to mitigate
the detrimental effect caused by the temperature increase in the SA

section, extending the current range where narrow pulses (below 2.5
ps) are emitted by 30 % with respect to the “hot” as grown device.
Furthermore, the experimental results suggest a decrease in the SA

recovery time, supported by the fact that the shortest pulses obtained
with a blue-detuned SA had a FWHM of 700 fs against the best value
of 1 ps achieved by the “hot” as grown PMLL. A reduction of 30 % in
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the SA recovery time can therefore be estimated. Thanks to the shorter
pulses emitted by the QWI device and to the similar levels of total out-
put power between the compared PMLL, the intermixed case provided
pulses with a maximum peak power of 215 mW against a 182 mW
value from the“hot” as grown device. Furthermore, the application
of a blue-detuning to the SA brought a reduction in the amount of op-
tical chirp, with the minimum value of TBP obtained for the QWI case
being 0.82, against 1.22 obtained from the “hot” as grown device, a
reduction of more than 30 %. Despite the clear improvement in device
performance for the intermixed devices with respect to the “hot” as
grown ones, the comparison with the “cold” as grown PMLLs has high-
lighted the need for a technique able to shift the SA bandgap without
reducing the material gain. In fact, both the post-etch QWI (which
was found to greatly reduce the gain by ∼5 times) and the classic
QWI (which showed a 20 % reduction in the maximum emitted op-
tical power with respect to “cold” as grown devices) techniques need
further optimisation. Moreover, it is believed that a blue-shift greater
than 10 nm applied to the SA will show a much clearer change in the
device performance, and the individuation of the optimum bandgap
blue-shift for the 3QW material system ML performance will be one of
the primary future activities.
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C O N C L U S I O N S A N D F U T U R E W O R K

6.1 summary of the project

This thesis explored possible ways of improving the performance of
monolithic passively mode-locked lasers, focussing on ways to offer
tunability of their repetition rate and to increase their pulses peak
power. The starting point was the performance of devices emitting
sub-picosecond pulses at a wavelength 1.55 µm and a quasi-40 GHz
repetition rate on an aluminium quaternary MQW platform, which
had been extensively characterised and whose ML behaviour was
well understood. The reason for extending the devices performance
towards higher frequencies (> 100 GHz) and powers lies in the
constant evolution of optical communication systems towards faster
networks, as well as the possible applications to spectroscopy,
imaging and sensing.
The first objective of the present work was the investigation of
the PMLL behaviour when subject to optical injection from two CW

lasers, assessing if such technique could be exploited for generation
of optical signals at ultra-high frequency (up to quasi-THz). The
usefulness of this approach stems from the fact that no high-speed
electronics is required, and moreover tunability from few tens of
GHz to quasi-THz is obtained by simply scanning the wavelength of
one of the lasers.
The second target of this project was the study of possible ways for
improvement of the ML perfomance in monolithic PMLL with regards
to the emitted optical power. The research carried out focussed on the
development of a new QWI process aimed to address the limitations
of the previous one, while also assessing the changes induced to the
ML behaviour by a bandgap shift of the SA, obtained by applying the
classic-QWI technique.
Both parts of the project proved challenging in terms of fabrication,
experimental characterisation and data analysis, but allowed to gain
a deep insight into the techniques used.

6.2 main achievements

The highlights from this thesis and the main achievements from this
work are:

• The successful and discretely tunable locking of monolithic
PMLLs with fundamental repetition rate of 36 GHz through ex-

128
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ternal injection of two CW lasers. Optical pulses with repetition
rate up to 936 GHz were obtained, with tunability on a 36 GHz
grid. This is the first time that pulses from a monolithic mode-
locked device are obtained at quasi-THz rate with wide tunab-
ility.

• The application of the Vernier effect to integrated SRLs to ob-
tain harmonic ML at very high frequencies, more than THz. On
ring cavities whose length ratio was 20/21, pulses at 1.26 THz
(corresponding to 20 times 60 GHz, FSR of the mode-locked ring)
were obtained, despite with a 70 % pedestal and a residual mod-
ulation at the fundamental repetition rate.

• The demonstration of the benefits of a blue-detuning applied to
the SA section of a PMLL. A 10 nm bandgap blue-shift applied
to the absorber has been shown to induce a 30 % increase in the
range of currents providing pulses below 2.5 ps, as well as a
30 % reduction in the losses recovery time and the pulses chirp.
The intermixed devices also provided narrower pulses (700 fs
against 1 ps) and increased pulse peak power (215 mW against
182 mW).

• The introduction of a new post-etch QWI recipe, which has been
shown to reduce by 50 ◦ on average the RTA temperature needed
for a given badngap blue-shift, while also bringing the spatial
resolution from few tens of µm to below 5 µm. The newly intro-
duced technique still needs further optimisation, especially re-
garding degradation of the gain (currently reduced by ∼5 times
in post-etch QWI devices).

6.3 future work

As stated previously in the thesis, one of the major goals for the fu-
ture is the integration of the external injection technique, allowing on-
chip generation of signals with ultra-high repetition rate. The possible
geometries for monolithic integration were previously discussed, and
some preliminary experiments were carried out as proof-of-principle
for on-chip generation. The experimental setup used was similar to
the one depicted n Figure 3.1, with the exception that the two external
CW sources were replaced with two integrated DFB lasers fabricated
at the JWNC. This experiment was important to verify if the locking
mechanism would still hold with the CW sources not being optically
isolated from the injected cavity, and if there was any deterioration or
improvement in the quality of the generated signals. The first results
showed a behaviour similar to what described in Chapter 3, suggest-
ing that the lack of optical isolation between devices is not an issue.
The maximum achievable repetition rate could be somewhat limited
by the integrated DFBs tunability. Figure 6.1 shows the IAC and OSA
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traces for an optical signal generated at 324 GHz, 9 times the mode-
locked cavity FSR. It can be concluded that the route to integration
of the devices looks promising, even though an in-depth assessment
of the locking mechanism is necessary, for conditions reproducing as
much as possible those of an integrated device.
With regards to the intermixing processes, one of the future activit-
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Figure 6.1: IAC and OSA traces for external injection of monolithic DFB laser
into a semiconductor PMLL.

ies is a re-evaluation of the post-etch-QWI technique with the use of
a different dielectric protective layer. Furthermore, more PMLLs will
be fabricated in the future with different bandgap shifts applied to
their absorber, in order to identify the SA detuning which is the most
beneficial to the devices mode-locked operation.

Since the experimental results presented in this work suggest that
an intermixed SA is characterised by a shorter recovery time, an inter-
esting future activity would be an extensive characterisation of this
parameter as a function of the bandgap shift applied to the SA. Fur-
thermore, SAs with faster recovery of the losses should be capable of
locking at higher frequencies if the locking technique described in
Chapter 3 is applied, therefore other potential future work could be
the application of the external injection locking technique to PMLLs

with intermixed absorbers.
Finally, based on the results discussed at the end of Chapter 3, it is

believed that the maximum achieved repetition rate could be brought
beyond 1 THz without being limited by the available gain bandwidth.
One of the factors limiting the maximum repetition rate in this work
were probably the temperature and current fluctuations experienced
by the PMLL, inducing noise which prevented locking at more than
quasi-THz frequencies. Another future activity is therefore the im-
provement of the injection locking setup to make it more robust, in
order to bring the repetition rate beyond 1 THz.
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