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Abstract

The ultrashort pulses emitted by passive semiconductor mode-locked lasers (PSMLLS)
can be applied to a wide range of applications, including modern optical communication
systems, optical sampling, security, imaging or sensing. For most of these applications, it
is of critical importance to gather detailed information on the mode-locked laser (MLL)
dynamics as well as on the temporal intensity and phase profiles of the pulses. The
pulse formation in a PSMLL is in fact a very complex mechanism that is governed by
the close interplay between a number of linear and nonlinear phenomena, influenced by
various semiconductor parameters. The complete characterisation of the devices as a
function of the laser driving parameters, geometry and semiconductor material structure
has therefore the potential to provide a deeper understanding of the PSMLL behavior.
As the available detectors are usually incapable of resolving the temporal structures of
ultrashort pulses from the high repetition rate MLLs, a number of indirect measurement
solutions have been developed for full pulse characterisation. However, these methods
are designed for lasers with high-energy optical pulses or require pulse synchronisation
or ultrafast modulation. This obviously restricts their suitability for the unsynchronised,
low energy and high repetition rate pulses as those emitted by the mode-locked laser
diodes. In this work, an extensive study of various dynamical regimes, such as mode-
locking, self-pulsation and continuous-wave operations of the monolithically integrated
AlGalnAs/InP MLLs is reported. The devices operate around 1.55 pm and emit optical
pulses with sub-40 GHz repetition frequencies. The influence of the biasing conditions,
laser geometry and semiconductor material on the lasers performance is analysed in
detail. The complete characterisation includes the evaluation of both the phase and time
profiles of pulses, using a sonogram system developed as part of this thesis. It is based
on a self-referenced method, capable of ambiguity-free measurements of low power and
sub-picosecond pulses. A sensitivity as low as 5mW on the pulse peak power has been
achieved through the design and fabrication of a two-photon absorption (TPA) detector,
optimised for polarisation insensitivity and high nonlinear response. The traveling-wave
operation enables the characterisation of high-repetition rate pulses and minimises the
amount of introduced dispersion. The sonogram system has been successfully employed
to study the evolution of the temporal intensity and group delay profiles as a function
of the laser biasing conditions and for different device geometries. The obtained results
indicate a prevailing positive chirp present in the pulses, which can be reduced by a
careful adjustment of the device biasing. The minimum pulse width emitted from the

investigated MLLs and measured with the sonogram technique was ~500 fs.
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Chapter 1

Introduction

The work described in this thesis forms a part of the Engineering and Physical Sciences
Research Council (EPSRC) funded project, High Power, High Frequency Mode—locked
Semiconductor Lasers [1]. The aims of this project are focused on the development
of monolithic semiconductor mode-locked lasers (SMLLs) to generate ultrashort optical
pulses with high peak power levels (from a few Watts to several tens of Watts) and high
repetition rates (from tens to hundreds of GHz). The main spectral emission regions
of interest are 700-850 nm and 1550 nm, with applications in security, imaging, sensing

and communication systems.

The main aim of this PhD project was to characterise passive SMLLs emitting picosecond
and sub-picosecond pulses at 1550 nm, with repetition frequencies at ~40 GHz. Within
the context of the EPSRC project, this study intended to improve the understanding
of the developed devices and deliver experimental feedback for their optimisation. The

PhD project consists of two main components:

1. Investigation of the dynamical behaviour of SMLLs, by performing an extensive

study of the properties of the lasers in various operating regimes.

2. Development and implementation of measurement tools capable of phase sensitive

characterisation of the optical pulses from the SMLLs.

While the former task was accomplished with standard diagnostic measurement tools,
such as radio-frequency (RF), optical spectrum (OS) and second-harmonic generation
(SHG) autocorrelation, the second objective required the development of a highly sen-
sitive detection scheme, due to inherently low energy and high repetition rates of the

emitted optical pulses.



Introduction 2

1.1 Project Motivation

Pulse formation in a semiconductor passive mode-locked laser (PMLL) is a very complex
mechanism that is governed by the close interplay between numerous linear and nonlinear
phenomena. It is influenced by a large number of semiconductor device parameters, such
as the chromatic dispersion, self-phase modulation (SPM), gain and absorption of the
material, the saturation levels, carrier recovery times, and gain/refractive index coupling
in both the gain and absorption sections [2, 3]. The detailed characterisation of the pulses
has therefore a potential to provide a deeper understanding of these mechanisms and
thus to contribute to the improvement of the laser system stability under mode-locking
(ML) operation. This in turn allows the optimisation of the optical cavity geometry and
semiconductor material structure for tailorable ML performance. Furthermore, a precise
insight into the intensity and phase profiles of the pulses is required for maximising the

performance in the final application areas.

The fundamental challenge in the analysis of SMLLs is the lack of pulse diagnostic tools
which could be applicable to these devices. Despite the continuously increasing capabil-
ities of modern photodetectors and time-domain oscilloscopes, their response bandwidth
is not sufficient for a detailed measurement of the high-repetition-rate, ultrashort pulse
structures. This stimulated a rapid development of laser pulse diagnostic techniques,
leading to the creation of a wide research field of ultrafast metrology. Depending on
the properties of an examined ML system the pulse measurement methods may use
different indirect procedures, e.g. decorrelation, interferometry, spectrography or to-
mography. However, as explained later in greater detail, most of the ultrafast metrology
techniques are not suitable to characterise high repetition rate, unsynchronised, and low
energy pulses, such as those emitted by SMLLs. In particular, there are no commer-
cially available tools for the phase sensitive measurement of pulses with energies as low
as a few tens of fJ, typical of the semiconductor devices. Hence, little has been done
to investigate the mechanisms behind pulse formation and pulse phase profile in the

semiconductor lasers.

Furthermore, there is a limited understanding of the properties of SMLLs in various
dynamical regimes of operation. Most of the research work on SMLL characterisation
usually exploits the intensity autocorrelation and the optical spectrum for the mode-
locking quality assessment, however, it does not deliver any systematic study on the
optimisation of ML operation. Such an analysis requires the simultaneous acquisition
of output power, RF spectra (at both high and low frequencies), high resolution op-
tical spectra, and intensity autocorrelations, combined with the phase sensitive pulse
characterisation, performed at a wide range of external biasing conditions and laser ge-

ometries. A demand for these studies forms the main motivation behind this research,
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which aims at providing better understanding of dynamical properties of semiconduc-
tor mode-locking devices, and a deeper insight into the optical pulse structures. Lasers
fabricated on two different material systems and with various absorber lengths were
thoroughly examined and compared within a broad range of biasing conditions, namely
the gain section forward current and the saturable absorber reverse voltage. Further-
more, the issue of phase sensitive pulse measurements was addressed by extending the
capability of an existing pulse diagnostic technique in order to make it applicable to

optical pulses emitted by low power, passively ML semiconductor lasers.

1.2 Mode-Locking

ML is a method for producing ultrashort and high repetition rate optical pulses by
introducing an intensity dependent loss element into the laser cavity. In the frequency
domain, ML corresponds to a fixed frequency phase relationship between longitudinal
modes of the cavity. If, for simplicity, only a single transverse mode oscillating at
N = 2m + 1 longitudinal modes is considered, then the time-domain electric field, E(t),

in the laser cavity can be expressed as:

E(t)= Y Byelleotniptten (1.1)

n=—m

where E,,, ¢, wo, t and m are the electric field and phase of the nth mode, frequency
of the mode at the gain bandwidth curve center, resonator round-trip time, and inte-
ger value, respectively [4]. With no mutual relationship between the modes, the laser
output fluctuates randomly. In mode-locking the phases of the modes are equal. If, for

simplicity, E,=Eq and ¢,=0 are assumed, the total electric filed can be expressed as:

E(t)=Ey Y i, (1.2)

n=—m
The output intensity, I(t), can be calculated as:

1(0) = () (1) = B3 SN/t

O sin2(mt/t,) (13)

As a result of the interference between the fixed equidistant longitudinal modes, the
generated output forms a stationary waveform in time and space. Depending on the
technique employed to achieve such condition, ML can be divided into active or pas-
sive. In active mode-locking (AML) an external source modulates losses in the gain
medium, at a frequency that is synchronised to the cavity round-trip frequency. How-

ever, the synchronous mode-locking is limited in terms of the maximum repetition rates
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achievable, as the upper-state lifetime needs to be shorter than the inverse pulse repe-
tition rate of the laser. In the passive technique, no external modulator is needed, as
an intra-cavity saturable absorber (SA) modulates the losses in the cavity. ML may
be also achieved with synchronous pumping, in which the pump source of the laser is
modulated. It is also possible to combine active and passive techniques into hybrid ML.
In this project we will concentrate on passive mode-locking (PML), as this technique
can provide ultra-short pulses, as well as ultra-high repetition rates without the need

for expensive high-frequency electronics and device packaging.

In monolithic PML devices, the pulses are generated through a dynamic interplay be-
tween the gain in the continuously pumped amplifier section and the saturation of the
reverse-biased SA. More advanced designs may include additional components, such as a
passive waveguide extension, phase tuning segment or grating section. Pulse formation
in PML starts with randomly uncorrelated mode phase profiles that are shaped by the
absorber, which, due to its nonlinear absorption characteristics, is more transparent to
high intensity spikes than to the weaker intensity components. The spikes experience
less loss and begin to increase in amplitude. This process repeats at every cavity round-
trip until a steady-state operation with a single pulse in the cavity is achieved. Under
steady-state the pulse is shaped by the absorber in a narrow time window, in which

the net gain exceeds the losses, as illustrated in Fig. 1.1. The pulse shaping mechanism

loss.

----

-------

gain

Absorption and
gain dynamics (a.u.)

cavity round-trip time

pulsewidthI
1

Output
intensity (a.u.)

Time (a.u.)

FIGURE 1.1: Temporal evolution of gain, losses and optical power in a passive ML
device.

relies on the relative instantaneous levels of the net gain and loss in the cavity and can
be explained as follows: The leading edge of a pulse entering the SA experiences loss, as
the absorber is not initially saturated and has its full absorption capabilities. However,
an increasing pulse intensity begins to bleach it, and from some point the pulse begins
to experience amplification. This, on the other hand, triggers gain depletion (or gain
saturation). In order to achieve ML condition, the gain needs to saturate slower than

the absorber (absorber saturation energy < gain saturation energy) [5]. On the trailing



Introduction 5

edge, where the pulse intensity decreases, the absorber begins to recover, while the gain
is still being depleted. From the point where the gain and loss characteristics cross, the
pulse experiences loss, which further sharpens the trailing edge. In order to correctly
“close” the net gain window until the arrival of the next pulse, the absorber recovery

time must be faster than that of the gain (New’s background stability criterion) [6].

1.3 Semiconductor Lasers as a Source of Ultrashort Opti-

cal Pulses

Semiconductor laser diodes (LDs) are strong competitors among the sources of light
modulated at microwave frequencies, thanks to the possibility of direct electrical pump-
ing, mature fabrication techniques, compactness and high integrating potential. Due to
inherently short cavity length of semiconductor lasers, they may operate at fundamen-
tal frequencies exceeding hundreds of gigahertz. Even higher repetition rates, exceeding
1 THz may be obtained with harmonic ML [7].

1.3.1 Applications and Requirements

SMLLs emitting ultrashort pulses are of interest in a wide range of applications, including
modern optical communication systems, security, imaging or sensing, thanks to their
compactness, efficiency and low cost [8]. Regarding the EPSRC-project, the main field
of interest for the developed devices are the THz generation and communication systems.
These two applications, however, impose different requirements on the ultrashort pulse

sources. The THz generation needs:

e THz pulse repetition rates or ultrashort pulses (below 100 fs);

e Ultra-high peak powers for efficient THz conversion (~1kW) [9].

On the other hand, the optical communication systems emphasise the need for high qual-
ity optical pulse train and precisely controlled pulse properties. The SMLLs have proven
their applicability in optical sampling measurement systems with picosecond resolution,
such as those used in recovery dynamics and eye-pattern measurements [10]. They also
have been investigated as the potential sources for optical time-division multiplexing
(OTDM) [11]. However, they need to satisfy strict requirements imposed on the light
sources by the OTDM standards, such as:

e Low temporal full-width half maximum (FWHM) values for proper separation

between the adjacent pulses (< 0.3 - B!, where B is the aggregate bit rate) [12];
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e High repetition rates (currently up to 40 GHz) locked to the standard values
(9.953 GHz, 19.906 GHz and 39.813 GHz);

e Low pedestal and high extinction ratio (strong suppression of trailing pulses);

e Low timing jitter (less that 1/12 of the switching window width) and low amplitude

noise;
e Preferably sech?-shaped and close to transform-limit pulses;

e Long term stability and reliability.

Furthermore, recent progress in stabilised, ultra-low noise SMLLs may provide the re-
quired performance for optical frequency metrology, x-ray and attosecond pulse gen-
eration, remote sensing applications and other optical systems, such as optical-code
division multiple access (OCDMA), dense wavelength division multiplexing (DWDM),
phase-shift keying (PSK) and quadrature-amplitude modulation (QAM) technologies
[13].

1.3.2 Problematic Issues

In order to obtain the capability to produce optical pulses of specific properties, devices
with fine control of nonlinearities, such SPM, self-focusing and defocusing, gain recovery,
or saturable absorption have to be designed. These phenomena are of concern in SMLLs
due to their inherently small cross-sectional area and also direct interaction between the
injected carriers, the optical field and the refractive index. These effects may be handled
to some extent with integrated cavity mode-locked laser (MLL), comprising of the gain,

SA, phase and grating sections [14].

The minimum pulse width theoretically obtainable in a monolithic SMLL is limited by
the finite gain bandwidth, and for 1.55 ym stays between 50 fs and 100 fs [15]. However,
experimentally measured pulses are usually much longer, due to unbalanced dispersion
effects and pulse shaping mechanisms, mainly the gain saturation. It is caused by the
photon depletion of carriers, but also by other nonlinear phenomena triggered by fi-
nite scattering times, such as carrier heating and spectral hole-burning. Also, the SPM
may impose a significant effect on the pulse width, however, an overall influence of this
phenomenon depends on the level of broadening and narrowing in the gain and ab-
sorber sections, respectively [16]. The major requirement for ML operation is a strong
saturation and shorter carrier lifetime in the absorber, compared to the gain section.
Unfortunately, these conditions coincide with the optimum parameters for the inten-

sity self-pulsation (SP), which can hinder or even completely suppress the ML. This
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phenomenon is very common in SMLLs and can affect ML over wide range of biasing
conditions [17]. SP can be minimised or virtually avoided by the optimisation of the
laser material structure, laser geometry and the biasing parameters. The effects of such

measures will be extensively presented in this work.

1.4 Ultrashort Optical Pulses

An ultrashort laser pulse is a propagating electromagnetic wave packet, which can be
characterised by measurable quantities directly linked with the electric field [18]. The
electric field may be described both in the time and the frequency domains. The time
domain representation relates the real electric field, E(t), with the electric field envelope,
e(t), the carrier to envelope phase, g, the time dependent phase, ¢(t), and the average
carrier frequency, wy:

1 . , .
E(t) = 5e(t) € et e, (1.4)

The complex spectrum of the field, E(Q), may be obtained from the time dependent

field through the complex Fourier transform:
B(Q) = FIE()} = / B(t) e~ 0t — | ) (1.5)

where |E| and ®(Q) denote the spectral amplitude and the spectral phase respectively.
The instantaneous frequency of an optical pulse, w, is also an essential parameter in
optical pulse characterisation, as it indicates if the pulse is chirped, i.e. if the carrier

frequency varies in time within the pulse envelope:

w(t) =w + %@(t). (1.6)

It is essential to detect any time variation of the phase in order to identify the chirp. If
d%p/dt?* < 0, the pulse is down-chirped as the carrier frequency decreases with time. In
the opposite case, the pulse is deemed to be up-chirped. Besides any potential variations
in w, the pulse characterisation aims at determining the pulse intensity profiles. Several
standard waveforms are used to approximate ultrashort laser pulse shapes. The most

typical are the Gaussian, hyperbolic-secant-squared (sech?) and Lorentzian waveforms.

A convenient parameter describing an optical pulse is the temporal duration, 7,, usually
defined as the FWHM of the intensity profile. Its counterpart in the frequency domain
is the spectral width, (Aw,), which relates to the FWHM of the pulse spectrum. Both
parameters are mutually linked through the time-bandwidth product (TBP) product,

cRB:
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Aw,T, = 2mcp (1.7)

The TBP depends on the pulse shape as well as the pulse chirp. In the case of a non-
chirped pulse, called transform-limited, the TBP takes its minimum value. Table 1.1
summarises the parameters of the most common waveforms used to describe ultrashort
laser pulses [18]. It is worth noting that the “real” pulses usually have more complicated

profiles, and proper pulse description demands advanced measurement set-ups.

TABLE 1.1: Parameters of standard unchirped ultrashort laser pulses.

Shape Intensity profile I(t) Tp Spectral profile I(2) Awp cB
(Q-wpr)?
Gaussian e~ 2(t/76)? 1.177m¢ 7 2.355/7¢ | 0.441
Sech? sech®(t/7s) 1.7637 sechQM 1.122/75 | 0.315
Lorentzian [1+ (t/70)%) 2 1.28777, e~ 2 Q=w)lme 0.693/77 | 0.142

1.4.1 Concepts for Representation of Optical Pulses

Pulsed sources usually produce an ensemble of pulses which cannot be represented with a
simple field expression, as shown in Eq. 1.4. Instead, the pulse trains consist of randomly
varying pulses, hence, the experimental outcome is rather a probability distribution of
the optical field. Analytically, the simplest description of such an ensemble is the non-
stationary two-time correlation function, C(¢1,t2), as introduced in [19] and presented

in Eq. 1.8:

C(tl,tQ) =< E(tl) . E*(tQ) >, (1.8)

where the brackets represent the averaging over the pulse ensemble, and E(t) is a real
electric field. A knowledge of this function is useful to assess the statistical variations in
a pulse train, usually expressed with a temporal coherence degree. However, in practical
pulse characterisation systems it is difficult to measure the correlation function and the
issue of pulse-to-pulse fluctuations is usually ignored. Instead, an ensemble of identical
pulses is assumed, which simplifies the inversion algorithms employed to retrieve the

pulse field.

The other common approach to represent the optical pulse is the two-dimensional chrono-
cyclic (time-frequency) phase space, which is a variation of the correlation function. An
example of this representation is a chronocyclic Wigner distribution function [20]. It is
defined as a Fourier transform of the mutual temporal intensity of a complex electric
field:
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t v
Wt w) = /E(t + 5y - Dyetar (1.9)
The Wigner function allows for the retrieval of the complex field of the optical pulse,
except the carrier to envelope component, ¢y. The equivalent spectral representation of
the electric field, F (w), can be expressed as a Fourier transform of the mutual spectral
intensity:

w/

et (1.10)

Wt w) = ;T/E(qu(;,) B

Due to several properties of the Wigner function it usually a preferable concept applied
in practical pulse diagnostic techniques. Also, this research will use a modification
of the Wigner function to analyse the experimental time-frequency traces representing
laser pulses. The most crucial properties of the function, directly applicable to “real”

measurements are as follows:

e The temporal, I(t), and spectral, I(w), pulse intensities can be obtained by calcu-

lating the following marginals:

() =| E(t) 2= ;ﬂ/W(t,w)dw (111)

and
F(w) =| Ew) 2= / W (t, w)dt. (1.12)

e The Wigner function integral over the whole phase space corresponds to the pulse

energy.

e A measurement of a chronocyclic intensity corresponds to a measurement of the
complex electric field of an optical pulse. It can be obtained through measurement
of spectrally-resolved SHG cross-correlations, provided the correlation is performed

with a known pulse.

e An inversion of chronocyclic intensity constructed with the spectrally-resolved

SHG autocorrelation does not yield a unique solution for the complex pulse field.

e The requirement for a well-characterised pulse can be overcome by breaking the
symmetry of the correlation function. It can be accomplished through spectral
filtering of the pulse replica with a well-characterised and band-pass filter, with a

stop-band much narrower than the spectral variations of the pulse.
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Even though the the Wigner distribution is a real function, it can sometimes take nega-
tive values, which are impossible to be measured experimentally. However, the practical
measurements of the ultrashort pulses yield only double convolutions of two Wigner

functions, which always stay positive [20].

1.5 Ultrashort Optical Pulse Measurements Techniques

Due to inherently short pulses emitted by the MLLs the direct measurement of their in-
tensity, even with fast photodetectors, is not possible. Furthermore, the characterisation
with a fast square-law photodetectors could only provide information on pulse temporal
intensity, without any insight into its phase profile. Hence, various indirect methods,
which allow one to use “slow” photodetectors to measure the optical pulses have been
developed. The most important concept of these methods relies on using the pulse itself
as a fast “event” and combining it with an instantaneously responding medium. Such
an arrangement can produce a time trigger as quick as the pulse being examined. The
instantaneous (or quasi-instantaneous) processes are usually implemented in a nonlinear
optical medium, although linear systems can also be used to measure the optical fields.
Basically, there are four classes of ultrashort pulse diagnostic methods: decorrelation, the
spectrographic, tomographic and the interferometric techniques. The general concept
and features of each method will be presented, and the advantages and disadvantages
of the approaches will be highlighted. Finally, the choice of the measurement technique

chosen for this research will be explained.

1.5.1 Decorrelation Techniques

For the purpose of laser pulses measurement in the early stages of ultrashort metrology,
nonlinear detection was widely adopted. In the autocorrelation, which is the most
popular and simplest arrangement, the pulse replicas are mixed in a nonlinear medium
and the resulting product is measured with an integrating detector as a function of the

relative delay between the pulses (Fig. 1.2). Usually, a second-order non-linearity, such
INPUT PULSE VARIABLE DELAY NONLINEAR

[l DETECTION
—<=—D"
WWWW\IMW ! | [‘%

|
-

FIGURE 1.2: Principle of operation of an autocorrelation measurement.
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as SHG combined with a photomultiplier tube (PMT) is used. However, the SHG is not
an efficient process and requires high power levels. The efficiency is even lower if broad-
bandwidth sources are used, as crystals as thin as a few micrometers need to be used
to reduce dispersion and satisfy phase matching conditions [21]. The conversion taking
place in a crystal is sensitive to the instantaneous intensities of the incident light, so it
distinguishes between the relative position between the pulses. Hence, a measurement
of the second harmonic (SH) signal as a function of the delay between the pulse replicas

can yield information on the pulse duration.

The autocorrelation set-up can take one of the two basic configurations, as illustrated
in Fig. 1.3. In a non-collinear arrangement (Fig. 1.3(a)) two beams spatially overlap
only in a precise location in the crystal, which produces the electric field given by
Eq. 1.13. The intensity of the cross-term field, ES”% | is proportional to the product
of the beam intensities. A slow detector cannot temporally resolve it, so it produces a
response, A?(7), being the time integral of the doubled-frequency intensity, as presented

in Bq. 1.14 [22):

ESHG(t. 1) x E()E(t —7), (1.13)

o
A2(7) = / IOt — 7)dt. (1.14)
—00

In addition to the ESHC field, the E2(t) and E?(t —7) electric fields are generated in the
crystal. However, they are spatially separated from the cross-term signal, hence, can be

prevented from entering the integrating detector.

This configuration, known as the intensity autocorrelation (IAC), does not provide any
insight into the phase profile, nor does it uniquely determine the pulse shape, and there-
fore yields only an estimation of the pulse duration (Fig. 1.4 (c)). Pulses with compli-
cated intensities may generate an autocorrelation response which is sensitive only to the
slowly varying envelope of their structures. As the complexity of a pulse increases, i.e.
the slowly varying intensity envelope becomes affected by some additional substructures,
the IAC response takes the shape of a pedestal with a central peak, called the coherence
spike [22]. Such effect may also occur in the case of a unstable train of pulses, as the de-
tector averages over several pulses with varying separation. The SHG signal introduces
time reversal ambiguity, as it is symmetric and cannot distinguish between the pulse
and its mirror image. Although there are some third-order nonlinearities, such as the

polarisation-grating (PG), self-diffraction (SD), or third-harmonic generation (THG),
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that can break this symmetry, their efficiencies are orders of magnitude lower than that

of SHG, which is a major disadvantage in low energy pulse measurements.

T
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FIGURE 1.3: (a) Intensity and (b) interferometric autocorrelation set-ups - principle of
operation

The second, collinear arrangement, (Fig. 1.3(b)) is called the interferometric autocorre-
lation or fringe-resolved autocorrelation (FRAC). Here, the two beams are kept collinear
across the whole output arm of an interferometer, and across the whole length of the
SHG crystal, so that the up-converted beams may interact coherently with each other,
and an interference pattern is created. After filtering out the fundamental frequency, the

detector yields the time-averaged signal, AFRAC proportional to the following function:

o0
AFRAC (1) = / |E(t) + E(t — 7)|*dt. (1.15)

—00
This correlation function is composed of four components: a constant term yielding no
information about the pulse, an intensity autocorrelation term and two field autocor-

relation terms which, produce fringes as a function of delay between the input fields
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FIGURE 1.4: Example of the (a) real part of the electric field, (b) intensity and envelope,
(c) SH intensity autocorrelation, and (d) SH interferometric autocorrelation of a sech?
transform-limited optical pulse.

(Fig. 1.4 (d)). The field term oscillating at the fundamental frequency is the equivalent
of the pulse spectrum, while the second one produces the double-frequency fringes and
is sensitive to the pulse structure. There are several methods proposed in the literature
which claim to resolve the pulse structure and remove time-ambiguity [23]. Naganuma
et al. gave mathematical foundations for the pulse reconstruction, which do not re-
quire any pre-assumptions and use only the SHG FRAC trace and the pulse spectrum.
Also, an iterative computer algorithm for pulse reconstruction was presented [24]. An-
other approach was proposed by Diels et al. [18], where the pulse reconstruction from an
asymmetric SHG fringe-resolved trace is realised in a few iterations. A similar technique,
called phase and intensity from correlation and spectrum only (PICASO), employs the
measurement of the pulse spectrum and one or more nonlinear correlation traces [25].
Several versions of the PICASO method, with various correlator arrangement, detec-
tor type, and iterative retrieval algorithms were presented. The other important class
of decorrelation approaches, called modified-spectrum auto-interferometric correlation
(MOSAIC), utilises first and second-order interferometric and intensity traces [26]. By
combining the second-order FRAC with the pulse spectrum, the IAC, or the linear de-
tector field correlation, this method is capable of a complete pulse characterisation [27].
MOSAIC is claimed to be superior to the PICASO approach, because of its simplicity
in the visual chirp interpretation [28]. Several variants of the method were presented,
such as the envelope-MOSAIC, making use of the intensity autocorrelation; the hybrid-
MOSAIC, utilising a linear detector; the retrieval-MOSAIC, with an enhanced pulse re-
construction iterative algorithm that minimised the root-mean-square (rms) error; and

the unbalanced-MOSAIC, with unequal peak pulse amplitudes in the two arms of an
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autocorrelator. Fach variant exploits different advantages of the MOSAIC algorithm:
the envelope-MOSAIC is useful for ultrashort low repetition rate pulses, the hybrid-
MOSAIC enhances detection of both spectral dispersion and temporal chirp in pulses,
the retrieval-MOSAIC minimises the numerical errors, and the unbalanced-MOSAIC

can detect more clearly pulse asymmetry and the presence of multiple pulses [29].

1.5.2 Spectrographic and Sonographic Techniques

The concept of the spectrographic and sonographic techniques relies on simultaneous
measurement of the pulse spectral and temporal intensity. The spectrogram image
represents an assembly of the sequential pulse temporal slices spectra. The sonogram,
on the other hand, measures the group delay of subsequent pulse spectral components. It
can be demonstrated that both techniques are mathematically equivalent. The principles
of operation of these two methods are schematically presented in Fig. 1.5. They both
use time-stationary and time-non-stationary linear filters for the pulse processing. The
response of a time-stationary filter (TSF) is independent of the arrival time of the test
pulse. Examples of a TSF are a spectrometer, a delay line or a dispersive element.
By contrast, the signal generated by a time-non-stationary filter (TNSF) — such as a

time-gate or a phase modulator — depends on the pulse timing.

In the spectrogram, the optical signal is first processed using a time gate that has a
response comparable with the measured pulse, after which it is resolved spectrally with
a high resolution spectrometer (Fig. 1.5 (a)). The order of the filter types is inverted
in the sonogram, in which the pulse first undergoes a spectral filtering (low-resolution)
and is then temporally resolved with a fast time-gate (Fig. 1.5 (b)). In both cases, the

final signal is measured with an integrating detector.

a) TNSF TSF

Time-gate Spectometer “Slow”
(response~tp) (high-resolution) detector

b) TNSF TSF
Spectral filtering Time-gate “Slow”
(low-resolution) (fast) detector

FIGURE 1.5: The schematic representation of (a) spectrography and (b) sonography
pulse measurement methods.
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The spectrography and sonography can be better understood with the reference to the
phase space representation of optical pulses, as described by the Wigner function. How-
ever, due to the limited temporal resolution of the former method and a low-resolution
of the latter approach, the Wigner function is smoothed and the experimental traces are
rather described by the functions called the Gabor spectrogram, Spg (Eq. 1.16), and
the Gabor sonogram, Sog (Eq. 1.17) [30]:

Spa(Q,7) = /E(t)N(t—T)eiwtth, (1.16)

Soc(9,7) = | / %E(w')g(w' — Qe |, (1.17)

where N and S are the time and spectral gate functions, respectively. A knowledge
of these functions allows for retrieving a pulse field by processing the traces with an

iterative algorithm.

Due to the requirements for fast (spectrogram) and very fast (sonogram) time-shutter,
practical approaches make use of nonlinear optics in order to realise adequate time
gate functions. This however, implies the need for an iterative nonlinear deconvolution

algorithm, which is more challenging in terms of producing a unique solution.

1.5.2.1 Practical Implementations of Spectrogram

The practical and most popular implementation of a spectrogram is through resolving
the spectra of a SHG intensity autocorrelation signal. Such an approach was presented
by Kane and Trebino [31], and is called frequency-resolved optical gating (FROG). It
is a very popular technique, as it produces accurate and usually unique phase retrieval
results and leaves only some “trivial” ambiguities unsolved, e.g. the absolute phase
factor or the time and frequency translation. The mathematical representation of the
FROG spectrogram, Spg, is shown in Eq. 1.18, where a variable-delay gate function,

g(t), scans the pulse in the time domain [22].

Spp(w,7) = |/_oo E(t)g(t — 7)el "D qt|? (1.18)

In practical terms, the FROG incorporates an autocorrelator to introduce a variable
delay between the pulse and its replica, which then acts as a time-domain gate in an

instantaneous nonlinear optical medium, e.g. SHG, THG, PG or transient-grating (TG).
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The product of the time-gate operation is next resolved spectrally with a spectrometer.

The measured quantity is described by Eq. 1.19

Irroc(w,7) = | / Buig (£, 7)e 0 dt]2, (1.19)

where FE;q(t,7) is an autocorrelation signal depending on the type of the nonlinear
medium. For instance, SHG will produce E;4(t, 7) oc E(t)E(t —7), while for the polari-
sation gate medium Ey;4(t,7) o E(t)|E(t—7)[>. An example of SHG FROG is presented
in Fig. 1.6. Table 1.2 summarises the different types of FROG techniques and highlights

their main features.
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FIGURE 1.6: Schematic overview of a SHG FROG set-up.

As the FROG set-up is relatively complicated (while it requires a beam splitter, de-
lay line, beam combing optics, spectrometer) and not always sensitive enough (due to
low conversion efficiency of the thin nonlinear crystal) a simpler version, called grating-
eliminated no-nonsense observation of ultrafast incident laser light e-fields (GRENOUILLE),
has been developed [36]. It comprises a Fresnel biprism, which substitutes most of the
autocorrelator’s tasks, as it splits a wide beam into two beamlets that are next crossed
at an angle in a thick SHG crystal. Crossing beamlets in different parts of the crystal

(along one of its axes) corresponds to delaying one beam relative to the other.

Contrary to a very thin crystal, which has broadband phase-matching bandwidth and
may generate the SH signal in any direction, a thick crystal loses the ability to create SH
signal in any direction and it separates frequencies spatially like a spectrometer. With
proper use of the input and output lenses, the spectrally and time resolved beams are
mapped on a camera. Similar to the basic FROG configuration, the delay is mapped
on one axis and the wavelengths are mapped on the perpendicular axis. The SH crystal
needs to be thick enough in order to resolve the spectral structure of the laser pulse.

However, the maximum thickness is limited by group velocity dispersion (GVD) which
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TABLE 1.2: Summary of the FROG-based optical pulse measurement techniques.

Method Advantages Disadvantages
e highest sensitivity: 1pJ
[22] e time-direction (chirp
sign) ambiguity
e applicable to extremely
SHG FROG short pulses [32] e relative phase between
the multiple pulses am-
e ecasily implemented in biguity
mid-TR [33]
e clear representation of
the chirp [34] e low sensitivity: 100nJ
e simple implementation [22]
PG FROG L
e popular with chirped- e polarisation-leakage
pulse amplification sys- background [35)
tems [34]
¢ f;r%fiwizilﬁse matching e relative phase between
the multiple pulses am-
THG FROG e highest sensitivity biguity
(InJ) of all third-order . .
nonlinearities ~ FROG ¢ tiiies difficult to inter-
setups P
e no ambiguity e low sensitivity: 10nJ
22
e phase matched at all 122]
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distorts the pulse. A sufficient group velocity mismatch (GVM) is required to spatially

separate the SH and fundamental frequency pulses. On the other hand, the crystal thick-

ness should not exceed the length causing a spread of the smallest temporal structure

in the input pulse. These conditions can be satisfied for all but near single-cycle pulses,

having a very wide spectrum. The GRENOUILLE is reported to accurately measure

even highly structured pulses and allows for the full reconstruction of ultrashort laser

pulses [22].

The GRENOUILLE trace is essentially a SHG FROG trace, hence it is affected by the

same limitations. Furthermore, it works well only with pulses between 30fs and 400 fs
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and requires a beam of high spatial quality. Its big advantage is, however, the much

thicker nonlinear crystal that substantially increases the sensitivity of the system.

1.5.2.2 Practical Implementations of Sonogram

A schematic representation of a practical sonogram arrangement is depicted in Fig. 1.7.
The measured pulse is first split into two replicas. The first replica is temporally delayed,
while the other undergoes spectral filtering. After being recombined, the replicas are
sent to a nonlinear medium and the resulting product is measured with a slow detector.
The full sonogram trace is completed by scanning the relative delay between the replica
and the central frequency of the spectral filter. Due to broken symmetry between the two
arms, the final trace is a clear representation of the pulse chirp, and is not affected by the

time-direction ambiguity. The nonlinear detection mechanism can be constructed around

INPUT Delay
PULSE line — W% .
- — T
Fast gating
Spectral and detection
filter
<o > —=

FIGURE 1.7: Schematic overview of a sonogram set-up

SHG [37] or two-photon absorption (TPA) [38] nonlinearities. TPA allows sensitivity
improvement and, depending on the realisation of the TPA detection, can be applied to
a wide range of ultrashort laser pulses. Further advantages of the TPA detection over
the SHG will be discussed in Section 1.6.

1.5.3 Interferometric Techniques

In the interferometric techniques the pulse phase is retrieved from an intensity pattern
produced by the field interference between the measured pulse and a well-characterised
reference pulse (test-pulse-reference interferometry (TPRI)), or a pulse replica (self-
reference interferometry (SRI)) [30]. Schematic examples of both approaches imple-

mented in the spectral domain are presented in Fig. 1.8.

In the TPRI, the test pulse passes through a delay time, and is then combined with
a reference pulse (Fig. 1.8 (a)). In the self-referenced approach, a beam splitter pro-
duces two pulse replicas, which undergo a temporal shift in a delay line or a spectral
shift in a linear temporal phase modulator (Fig. 1.8 (b)). The recombined signals are

finally resolved spectrally in both arrangements. Equivalent time-domain methods are
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FIGURE 1.8: Schematic arrangement of a (a) test-pulse-reference and (b) self-reference
spectral interferometry set-up.

also available for both techniques, however, they require fast detectors with sufficient

temporal resolution to resolve the temporal beat pattern.

The spectral interferometry does not involve any nonlinearity, hence it can be used to
measure extremely weak pulses. Characterisation of pulses as weak as 42zJ has been
reported with a spectral interferometry (SI) technique, called Temporal Analysis by
Dispersive a Pair of Light E-fields (TADPOLE) [39].

However, the spectral interferometry is affected by several limitations:

The self-referencing method requires a fast temporal modulator, which imposes a

limit for its applicability with ultrashort and high repetition rate pulses.

The interferometer must be very stable, otherwise the fringes would disappear.

The reference pulses need to be well characterised, synchronised and spectrally

aligned with the test pulses [22].

The retrieved phase is related to the reference pulse phase profile.

A modification of SI, called spectral phase interferometry for direct electric field recon-
struction (SPIDER), has been developed in order to measure pulses in a self-referenced
fashion, without the need for a temporal modulator [40]. The principle of operation is
based on a nonlinear mixing of a test pulses with a temporarily-stretched replica. After
splitting in a beam-splitter, one replica is further divided into two delayed pulses, while
the second one is strongly chirped in a pulse stretcher. Next, the pulses from both
arms are mixed in a SHG crystal and the final interferometry pattern is resolved with a

spectrometer.
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An advantage of the SPIDER is that it is not affected by time-direction ambiguity, even
if the lowest order non-linearity is used, and it does not require any iterative algorithm

for phase retrieval. However, the SPIDER has also several disadvantages, such as:

e Lower sensitivity than a SHG FROG.

Complicated and sensitive set-up.

Unsuitability for long or complex optical pulses.

Set-up configuration requires prior estimation of the pulse width and structure.

1.5.4 Temporal Imaging and Tomography Techniques

The concept of temporal imaging of ultrashort pulses stems from the analogy to an
optical imaging system, which operates in the spatial domain [30]. Such systems can
transform a small optical image in a way that it can be resolved with a detector of a
limited spatial resolution. The light from a detected object first undergoes free space
diffraction and then is refracted by the lens. After the second diffraction step, it forms
a replica of the object on an image plane. A similar operation can be performed with
an optical pulse in the time domain, where the temporal lenses transform the temporal
intensity of the examined pulse into the spectrum. It can be realised with a temporal
phase modulator, which shifts the frequency of successive temporal pulse slices by a
different amounts. This has an analogy in a spectral domain in the form of a dispersive
pulse stretcher, which temporally shifts the successive spectral pulse slices with differ-
ent delays. In the time-frequency domain, on the other hand, such a pulse stretcher
corresponds to spatial-domain diffraction. Hence, the combination of a temporal phase
modulator and a dispersive stretcher allows to obtain a temporally magnified image of
an ultrashort pulse, which can be next measured with a detector of limited time reso-
lution. However, a drawback of this technique is the requirement for a temporal phase
modulator with a response as fast as the measured pulses, which makes it difficult to

implement with picosecond and sub-picosecond pulses

The tomography techniques employed in the ultrashort pulse metrology also have an
analogy in the imaging applications. The concept of tomography is based on the re-
construction of an N-dimensional object from a number of data sets of lower dimension
[30], e.g. reconstructing a three-dimensional form from a set of two-dimensional images.
In ultrashort pulse metrology, the chronocyclic Wigner function is reconstructed from
a number of its projections onto the chronocyclic phase space axes. This method is

known as a “chronocyclic tomography” [41]. It can be also achieved by measuring a
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number of projections of a rotated Wigner function on a single axis — for instance with
a spectrometer measuring the frequency marginal of the function. Theoretically, such
rotation can be realised with a series of spectral and temporal quadratic phase modula-
tors. The technique is of a great interest in the ultrashort metrology, as it may measure
complete Wigner functions, without the assumption of a coherent train of optical pulses.
However, the practical implementations are extremely difficult due to stringent require-
ment imposed on the phase modulators, and therefore the method is used mainly with

low-repetition-rate systems.

1.5.5 Discussion on the Pulse Measurement Techniques

The presented overview of the optical pulse characterisation techniques shows a wide
range of available approaches. However, the applicability of each method depends on
the properties of the investigated pulses and pulse ensemble. Characterisation of opti-
cal pulses emitted from the SMLLs examined in this work may be challenging due to
a number of features, which greatly reduce the extent of the measurement approaches
that can be used. Fig. 1.9 compares each full-pulse-retrieval technique against the typ-
ical properties of the pulse trains emitted by SMLLs. The characterised MLLs operate

PULSE TRAIN FEATURE

Unsynchronised | Pulse energy | Sub-picosecond | Rep. rate: 40 GHz | No reference| Potentially
pulses <1pJ FWHM and higher pulses complex pulses

Sonography (TPA) \/ | \/ | \/ | \/
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Self-referenced \/
linear interferometry _
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v
v
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MEASUREMENT TECHNIQUE
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FIGURE 1.9: Applicability of pulse measurement techniques to SMLLs.

passively and emit picosecond and sub-picosecond optical pulses with repetition rates
~40 GHz. Therefore, the synchronisation to the pulses and employment of a fast mod-
ulator is extremely difficult, which excludes the self-reference interferometry, temporal
imaging and chronocyclic tomography. The pulses are also not accompanied by any

well-characterised reference pulses, which is necessary in TPRI. The only SI technique
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which could find application in those measurements is the SPIDER. However, the ex-
pected pulses are potentially of complex structure and can vary with the laser biasing

parameters, which can be challenging for the SPIDER.

The most problematic issue is the inherently very low energy levels of the pulses produced
by semiconductor LDs, as they can fall below 1 pJ. The linear techniques would be ideal
but they are excluded because of the arguments discussed above. Therefore, the pulse
detection needs to utilise a nonlinear phenomenon for the fast time gating. The most
sensitive and popular spectrography technique, the SHG FROG is limited to 1pJ of
pulse energy due to the low efficiency of the SH crystals. However, the sensitivity can
be largely increased by using TPA as the nonlinear detection mechanism. Even better
is the sonography method, as it does not have time-direction ambiguity and the TPA

detection can be implemented in a straightforward geometrical arrangement.

1.6 Two-photon Absorption

In the two-photon absorption an electron-hole pair is generated through the simultaneous
absorption of two photons. The transition from the valence band to the conduction band
is promoted by an intermediate, virtual energy level in the bandgap [42]. This is a non-
resonant process, which occurs for photons of energy equal to hv, which satisfies the

inequality:

Ey

> < hv, (1.20)
where h, v and E; denote Planck’s constant, the photon frequency and the band-gap
energy, respectively [42]. The TPA simplifies the measurement set-up, as neither crystals
nor sensitive detector such as a PMT [43] are required. TPA is a third-order non-linearity
(x*) phenomenon that generates carriers, which can then be directly detected as a
photocurrent. It is less polarisation sensitive compared to SHG and its photo-response
is a quadratic function of the laser light intensity, I (Eq. 1.21) [18]. For instance, if the
optical beam is guided through a semiconductor material (in the z-axis) with a TPA

cross section equal to s, it experiences attenuation due to the TPA carrier excitation:

dl

— = —foI% 1.21
dz & ( )
TPA has been widely used for ultrashort optical pulse characterisation and both, cus-
tom designed devices and commercially available devices, are described in the literature.

For optical wavelengths of 1.55 um, TPA-based pulse measurements have been reported

with silicon avalanche [44] and non-avalanche [45] photodiodes, InGaAsP commercial
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laser diodes [46], GaAs quantum-well (QW) waveguides detectors [42], GaAs photomul-
tiplier tube [43], silicon waveguide detectors [47], and bulk [48] and QW InGaAsP [49]

waveguides.

Due to the wide range of possible implementation of the TPA detection, it is crucial
to choose a scheme that is best suited for the characterisation of the SMLL pulses. All
the requirements imposed on such a detector, along with the proposed devices will be

detailed in the next chapters of this thesis.

1.7 Organisation of the Chapters

The chapters are organised as follows:

Chapter 2 introduces the semiconductor material epilayers used to fabricate the MLLs
and characterises their main features, e.g. the optical gain, the absorption spectra, and
GVD.

Chapter 3 investigates the dynamical behaviour of ML devices and examines their
performance at a range of biasing conditions, namely the SA reverse voltage and the
gain section pump current. Also, the influence of the absorber length on the ML quality,

as well as other dynamical regimes, is analysed.

Chapter 4 describes the concept of TPA detection selected for this research as well as

design, fabrication and experimental test of the detectors.

Chapter 5 outlines the main features of the developed sonogram set-up and explains
the pulse measurement routine. It verifies the suitability of the set-up and the embedded

TPA detectors for characterisation of ultrashort pulses from the investigated SMLLs.

Chapter 6 presents the outcome of the sonogram characterisation of ultrashort pulses.
It shows the evolution of the intensity and phase profiles of picosecond and sub-picosecond
pulses emitted from various semiconductor devices over a wide range of biasing condi-

tions.

Chapter 7 concludes the thesis and provides suggestions for future work.



Chapter 2

Al-quaternary Material Systems

This chapter reports on the characterisation of the laser material systems used for the
fabrication of the SMLLs. The devices were based on two AlGalnAs material designs:
a 5-QW commercially available epistructure and an improved design for high power

operation.

In order to gain a deeper understanding of the device behaviour, several parameters
of these material systems were experimentally investigated. The analysis includes a
detailed study of the modal gain and absorption coefficient spectra for various biasing
conditions, and the characterisation of the GVD in the laser waveguides along with the

influence of numerous electro-optic (EO) effects.

It should be noted that the material characteristics presented in this chapter not only
clarified some of the dynamical behaviours but were also crucial in providing experimen-
tal input data for the SMLL simulation work-package, which formed a part of the same
EPSRC project [50].

2.1 Motivation for Al-quaternary Material

InGaAsP and AlGalnAs quaternary compounds are the two material systems, lattice-
matched to InP, that are routinely used for optoelectronic devices operating around
1.55 um. Historically, the former material system was preferred due to poor reliability of
the latter compound, caused by the presence of aluminum. The early devices fabricated
on the Al-quaternary systems were limited to low-temperature and low-power operation,
especially due to the catastrophic optical mirror damage (COMD) [51]. However, recent

progress in epitaxial growth techniques allowed the AlGalnAs compound to compete

24
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with its P-quaternary counterpart in terms of performance and reliability. There are

several attributes which make the Al-quaternary desirable for high-power applications:

1. Higher Ty and T; characteristic temperatures (i.e. lower degradation of threshold
current and slope efficiency with the junction temperature), due to lower Auger

recombination and inter-valence band absorption.

2. Higher gain coefficient, enabling lower active layer confinement and consequently

lower optical losses.

3. Higher conduction band discontinuity and lower valence band discontinuity com-
pared with InGaAsP materials improve extinction behaviour and reduce hole pile-
up in multi-quantum-well (MQW) electro-absorption (EA) modulators. This im-
proves the temperature range and increases the optical saturation intensity [52].
Also, better electron confinement prevents carrier overflow at high temperatures
and improves current injection efficiency. This allows for the reduction of p-doping

in the cladding layer, which results in lower optical losses.

4. Easier control of the growth processes with respect to the desired emission wave-

length (more linear system).

2.2 Overview of the AlGalnAs Material Systems

The main difference between the two epitaxial structures used for the fabrication of the
SMLLs is the number of quantum wells embedded in the active layer and the inclu-
sion of a far field reduction layer. For clarity, the terms 5-QW and 3-QW will be used
throughout the work to reference the two different materials. The 5-QW material is
a commercially available ! p-i-n laser wafer and its energy band diagram is shown in
Fig. 2.1. The MQW AlGalnAs/InP wafer has a gain region consisting of five, 6 nm thick,
compressively strained (12000 ppm) Alyg7Gag.22Ing.71As QWs, having a photolumines-
cence (PL) wavelength of 1530 nm, and six, 10nm thick, tensile strained (-3000 ppm)
Alp.224Gag.2g6Ing 49As barriers. On each side of the QWs, the core layers are formed by a
60 nm graded-index (GRIN) layer for enhancing the optical confinement, terminated by
a 60nm Alg 403Gag o4a7Ing 53As electron confinement layer. On the p-side, the structure
is completed by a 50 nm thick InP transition layer, a 20 nm thick Gag.15Ing.g5As80.33P0.67
wet etch stop layer, a 1600 nm thick InP upper cladding, a 50 nm Gag 29Ing 71 Asg.g2Po.38
lattice-matched layer and, finally, a highly doped 200 nm thick Gag 47Ing 53As cap layer.
On the n-side, the structure is formed by a 10 nm thick graded composition (GC) layer

IQE Ltd. — www.igep.com
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FiGUure 2.1: Conduction band diagram of the epitaxial layers in the 5-QW material
design.

[53] with Al composition changing from 0.404 to 0.423, and a 800 nm thick InP buffer
layer. The epitaxial structure was grown on an InP substrate via metal-organic chemical
vapour deposition (MOCVD). The substrate and the epitaxial layers outside the GRIN
structures were doped with Zn and Si, acting as p-type and n-type dopants, respectively.

The second material structure is a 3-QW system, in principle based on the 5-QW design
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FiGure 2.2: Conduction band diagram of the epitaxial layers in the 3-QW material

design.

and optimised for high power operation by co-workers in the grant [54]. The conduction
band diagram for this epistructure is displayed in Fig. 2.2. The main motivations for

the modifications introduced in the 3-QW structure were:

1. to reduce the phase noise and timing jitter originating from the spontaneous emis-

sion and carrier fluctuations [55];

2. to improve ML operation, in terms of lower noise, better stability and shorter

pulses;

In0.71Ga0.29As0.62P0.38(1.3Q)
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3. to reduce the output divergence angle of the emitted light and make the far-field

pattern more symmetric, to increase fibre coupling efficiency;

4. to increase the power emitted from the devices and minimise the possibility of
COMD.

As the first two features are of utmost significance for this project, the effects of the
material design on these laser performance criteria will be analysed next. The parameters

affecting the phase noise, Av, are summarised in Eq. 2.1 [56].

hvvanspon, (i + o) (1 4 o)

Av =
v 81 P )

(2.1)

where Av is the FWHM of the power spectrum of the laser, hv is the photon energy, v,
is the group velocity, ng, is the spontaneous emission factor, P is the output power per
facet, « is the linewidth enhancement factor, and «,, and «; are the mirror and internal
losses, respectively. The relation between the rms timing jitter, oy, and phase noise can

be expressed as:

fhigh
=g ) 2.2)
and
Li(f) = La(f)/n, (2.3)

where Ly, (f), fr, fiow, and f3;g, are the phase noise power (per unit bandwidth) of the
nth harmonic, the laser pulse repetition frequency, the low integration limit, and the
high integration limits, respectively [57]. Eq. 2.1 shows that the phase noise can be
reduced by either lowering the internal losses or increasing the pulse energy. Increased
pulse energy and reduced power dissipation in the laser cavity results in the improved
quality factor (Q-factor) of the optical resonator. This means that the oscillations take
place within a smaller range of frequencies, which effectively leads to a lower phase noise.
The first approach to reduce the phase noise can be realised by reducing the number of
QWs or decreasing the overlap of the mode with the highly lossy p-doped cladding layer
[54]. In order to increase the pulse energy the level of the saturated gain, Esq, defined

in Eq. 2.4, has to be raised.

hvd
dg’
dN

Egqr = (2.4)

where d is the mode area, dg/dN is the differential gain, and I is the optical confinement
factor. Again, this can be accomplished in two ways: either, by decreasing the differential

gain through reduction of the number of the QWs in the gain medium [58], or by
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maximising the d/I" ratio. The latter approach can be implemented by reducing the

number of QWs (lower I') or decreasing the overlap of the guided mode with the QWs.

All the solutions outlined above were implemented in the 3-QW design. The number of
QWs was reduced to three, which decreased the cavity losses, and decreased both the
differential gain and the optical confinement. Furthermore, the size of the guided mode
was expanded by adding an additional Gag 15Ing.g5As0.33P0.38 layer, 0.75um below the
bottom of the core structure. The position and thickness of this layer were optimised for
the maximum d/T" ratio with a single transverse mode operation [58]. The introduction
of this layer also increases the near-field pattern (NFP), hence reduces the vertical
divergence angle and the far-field pattern (FFP) of the output beam. The guided mode is
being pulled towards the n cladding layer and its overlap with the p-doped cladding and
cap layers is reduced. This allows for further reduction of the optical losses. The effects
of these material modifications on the RF noise, timing jitter and the ML performance

will be investigated in Chapter 3.

2.3 Material Characterisation

2.3.1 Gain and Absorption Measurements

An accurate evaluation of the gain and absorption of the active material is of paramount
importance for the theoretical analysis of PMLLs. In fact, these parameters contribute
substantially to the optical spectral behaviour under ML operation, to its dynamical sta-
bility, and to the optimum dimensions and biasing conditions of the gain and absorbing

sections of the cavity.

For the gain and absorption measurements in the 5-QW material, there were two ex-
perimental methods implemented, namely the three-section and the Hakki-Paoli (HP)
techniques. With the 3-QW system, only the latter technique was used, as it proved
superior to the former approach in several aspects, as will be explained later. Both
methods utilise the spontaneous emission of the lasers, which allows for the gain and
absorption characterisation within a large wavelength range. Such a range is usually in-
accessible from the commercially available tunable lasers, which could otherwise be used
as the external probe sources. Furthermore, such measurements are extremely sensitive

to the spectral purity of the tunable laser [59].
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2.3.2 Gain and Absorption Measurements of the 5-QW Material Sys-

tem

2.3.2.1 Three-section Method

The three-section method utilises the amplified spontaneous emission (ASE) measure-
ment, as described in [60] and [61]. A schematic of the three-section device is presented
in Fig. 2.3. The device was fabricated by the author’s colleague, Steven McMaster,
using the same technology as for the SMLL devices [62]. The electrical contacts of the
500 pm long sections were separated by 20 um gaps to allow independent biasing of each
segment. The ASE is generated in Section 2 and collected at the front facet after propa-
gating through Section 1. The analysis of the spectral profiles of the ASE as a function
of different biasing conditions in Section 1 provides a precise evaluation of the gain and

loss of the material. To prevent lasing and minimise back-reflections, Section 3 is biased

>00 pm 500 um 500 um
25 J/ Section 3 Section 2 Section 1 emissio>n
5> pm=
W ™ Back facet Front facet””
—lle—
20 um

FIGURE 2.3: Schematic of the three-section device for the gain and absorption mea-
surements.

with a reverse voltage of 3V. The back-reflection has been further reduced by scrib-
ing through the waveguide close to the back facet. These additional losses prevent the
cavity from lasing even at high current densities. Before being coupled into an optical
spectrum analyser (OSA), the output light is directed through a polarising beam splitter
(PBS), in order to separate the transverse electric (TE) and transverse magnetic (TM)
polarisation states. The experimental work presented in this section focuses on the TE
polarisation, i.e. the electric field is polarised in the plane of the QWs. This polarisation
state dominates the emission from the MQW structures, due to the selection rule in the
electron-hole recombination and the separation between the heavy and light holes [63].
Throughout the whole experiment the device temperature was maintained at 20 °C. The

ASE emitted from a section of length L is equal to [64]:

Ry

P(L) o
( ) Gnet

(e9netl — 1), (2.5)

where Ry, is the recombination coefficient of spontaneous emission, and gy is the net

modal gain:
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Gnet = Fgmat — Oy, (26)

with I', g,,4: and g denoting the confinement factor, the material gain and the internal
loss, respectively. It can be seen, that by varying the length of a pumped region, L, the
modal absorption and the net modal gain can be evaluated. The three-section routine is
as follows: Firstly, Section 1 is forward-biased with current density, J, Section 2 is left
floating and the reference intensity, I.f(\, J), emitted from the front facet is recorded
with an OSA. Then, for the absorption measurements, Section 2 is forward-biased with
J, while Section 1 is biased with the reverse voltage varying from 0V to 3V. In such
an arrangement, the output intensity, I,y (A, V'), depends on the initial emission from
Section 2, which is equivalent to I..¢(A, J), and on the absorption, a(A, V'), of Section 1.

This allows the losses to be deduced as:

(2.7)

Mxm:im(”“*”)
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As for the gain measurements, both sections are forward-biased with identical current
densities and the ASE from the front facet, (Iou(A,J)), is used for the net modal gain

calculations:

m&n:imKﬁﬁiﬁ>—q‘ (2.8)

The results of the material characterisation are summarised in Fig. 2.4 — Fig. 2.6. It can
be observed, that the application of the reverse voltage changes the position of the SA
band edge and triggers the exciton broadening. With increasing reverse bias the band
edge absorption shifts towards lower energies (i.e. longer wavelengths). The variation of
the band edge energy with an electric field perpendicular to the QW structure is known
as the quantum confined Stark effect (QCSE) [65]. The field causes an offset in the
confined energies inside the QW [66] and moves the holes and electrons to opposite ends
of the QW. This leads to a reduction in the energy of the electron-hole pair [67]. An
average shift of the band edge is estimated to be 1.7 THz.V—! (9nm.V~1), although, the

rate of change is not linearly proportional to the electric field.

This method, however, has one major limitation. It was noticed that the reference
current used to pump Section 2, apart from influencing the level of maximum absorption,
also shifts the position of the absorption peak. An example of such behaviour is presented
in Fig. 2.5, where the absorption coefficient spectra for a range of pump current values

in Section 2 at a constant voltage level in Section 1 are shown. The variations in the
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FIGURE 2.4: Modal absorption coefficient spectrum as a function of the reverse voltage
obtained with the three-section method.

maximum absorption coefficient level can be explained by the fact that Section 1 is far
too long to be saturated by the ASE generated in Section 2. In order to reach higher
levels of saturation, a shorter (and hence easier to saturate) absorbing section should be

used.
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FIGURE 2.5: Net modal absorption coefficient spectrum at constant reverse voltage in
the absorbing section as a function of the pump current in Section 2, measured with
the three-section method.

Fig. 2.6 presents the evolution of the material gain with current density. The value of
~-18 cm ™!, to which all the spectra converge for long wavelengths, indicates the internal
losses. A continuous shift of the peak wavelength towards higher energies can be clearly
noticed with increasing pumping. The carrier injection affects the spectral response of

the system through two effects: bandgap renormalisation and band filling. Above the
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lasing threshold the bandgap renormalisation reduces the energy gap, effectively moving
the emission towards longer wavelengths. The band filling has the opposite effect and
dominates below the threshold [68], [69]. Hence, the gain coefficient curves of Fig. 2.6
shift towards higher energies, as the device operates below threshold. With increasing
carrier density the amplitude peak of the material gain increases up to ~2kA/cm?

above which it saturates.
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FIGURE 2.6: Modal gain coefficient spectrum as a function of the bias current obtained
with the three-section method.

2.3.2.2 Hakki-Paoli Method

In order to verify the results of the gain and absorption measurement acquired by the
three-section method, the experiment was repeated with an alternative technique, known
as the HP method [70]. This approach extracts the gain/loss from the modulation
depth of the ASE due to the Fabry-Pérot (FP) resonances of the laser cavity. As the
method requires a high wavelength resolution [71], the measurements were performed
with the Advantest Q8383 OSA, which has a high dynamic range of 60 dB and a spectral
resolution of 10 pm. The device used in the experiments was a two-section SMLL,
comprising a gain section and a saturable absorber, making up 3.3% of the total cavity
length of L=1070 um. Device layout details can be found in Section 3.1.1. Due to the
limited sensitivity of the OSA and the small intensity of the spontaneous emission, the
resolution bandwidth was set to 20 pm, which improves the signal-to-noise ratio on the
OSA photodetector, while preserving the required accuracy to resolve the cavity modes.
The measurement set-up is essentially the same as in the three-section method. The
light emitted from the laser facet at the SA side is collimated in free-space, transmitted
through the PBS for the polarisation selection, coupled back into the optical fibre, and

finally sent to the OSA. The measurement procedure is as follows: In the first stage
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the ASE spectra are recorded for various bias levels below threshold, with an equal
current density in both sections. Next, the gain coeffiecient spectra corresponding to

each current level are calculated using Eq. 2.9:

1 S—1 1
-7 s — — - —In(—— 2.
where
I I
g \/ MAax1+ MAXQ, (2.10)
21NN

and Iy;ax1,0araxe, Imvrn, R1, R2 are the peak intensities of successive cavity modes, the
intensity of the intermediate valley, and the mirror reflectivity of the facets, respectively.
The reflectivity of both cleaved, straight and uncoated facets is approximately equal
to 0.32. The results of the gain characterisation are shown in Fig. 2.7, which shows
the modal gain coefficient spectra of the dominant TE component for different injected
current values. The gain coeflicient demonstrates positive values for current densities
above 0.78 kA /cm?. This yields the possibility of obtaining lasing operation as soon as

the modal gain matches the mirror losses.
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F1GURE 2.7: Modal gain coefficient spectrum of the 5-QW active material at different
current density levels, obtained with the HP technique.

In the second stage, the amplified spontaneous emission is recorded with the SA section
reverse-biased, while the current density in the gain section is maintained at a constant
level of 1kA/cm?. The modified gain coefficient spectra, G/ ,, are obtained by applying
Eq. 2.9 to the measured traces. As the SA is no longer forward-biased, it acts as an

absorber and influences the resulting spectra as follows:

I GnetLG - AnetLSA
net LG’ +LSA

(2.11)
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FIGURE 2.8: Modal gain coeflicient spectrum of the 5-QW active material at different
reverse voltage values applied to the SA section and the gain section current density of
1.0kA/cm?, obtained with the HP technique.

where A,.; denotes the modal absorption coefficient spectrum, and L and Lga are the

lengths of the gain and absorption sections, respectively. Fig. 2.8 displays the calculated

/

net» for absorber reverse bias voltages ranging from 0V to 3.5 V.

modal gain, G
By rearranging Eq. 2.11 A,,.; can be expressed as:

GpetLa — G (L L
Anet = net 2@ ;et( et SA) . (212)
SA

/
net»

Substituting the gain coefficient spectra, G, and G into the equation, the modal

absorption coefficient can be calculated for various reverse voltages.

The results of the absorption calculation are presented in Fig. 2.9 — 2.10. Similar to the
three-section method, the level of saturation depends upon the reference intensity from
the gain section. With the HP method, however, much higher saturation levels have
been measured (over 800 cm™!) due to the short length of the absorbing section. Also,
the peak of the absorption coefficient spectra shifts towards shorter wavelengths with
increasing reference current density (see Fig. 2.10). This is caused by carrier induced
effects at increasing levels of photo-generated carriers. The QCSE is clearly evident
in the obtained spectra and varies from 0.8 THz.V~! (4nm.V~!) at low voltages to
1.7THz.V~! (9nm.V~1) at higher voltages.

As can be seen in Fig. 2.9, the maximum level of absorption coefficient shifts from
820cm ™! at Vga=0V to 930cm™! at Vg4=-2.0 V. For higher values of reverse voltage

the exciton peak rapidly broadens and the maximum absorption coefficient levels drop
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FicUure 2.9: Computed modal absorption coefficient spectra of the 5-QW material
at various reverse bias applied to the SA section and the current density in the gain
section set to 1.0kA /cm?, obtained with the HP technique.

significantly (652cm ™! at Vga=-3.5 V). These effects are expected because of the reduc-
tion of the electron-hole wavefunction overlap [66]. The broadening of the exciton peak
comes from the sum rule or the conservation of absorption, stating that the area under
the absorption peak needs to stay constant (with higher order and forbidden transitions
taken into account) [72]. The initial increase of the absorption peak with the applied
voltage shows that not all the photogenerated carriers are effectively extracted by the
external electric field. Also, the broadening of the absorption peak at these voltage levels
is weak, which can be caused by the space charges broadening the exciton peak at low

bias levels [73].

2.3.2.3 Comparison Between the Three-Section and Hakki-Paoli Methods

There are several differences between the results of the modal spectral absorption coef-

ficient obtained with the two techniques:
1. The band edges from the three-section method are spectrally shifted by over 20 nm
with respect to the band edge from the HP method.

2. The band edges from the HP technique are defined more clearly and the extent of
the QCSE can be better assessed.

3. The variation of the peak absorption level with increasing voltage evident from

the HP method is not observed with the three-section approach.
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FiGure 2.10: Computed modal absorption coefficient spectrum of the 5-QW system,
with a constant SA reverse bias of 2V and for a range of gain section current density
levels.

The comparison between the modal gain coeflicient spectra measured with the two meth-
ods, as presented in Fig. 2.6 and Fig. 2.7, shows that even though different values of
the peak gain levels are obtained, similar trends in the spectra are evident. However,
the HP technique delivers more accurate results for the modal absorption coefficient
characterisation. Hence, this method has been chosen to investigate the properties of

the second material system, based on the 3-QW design.

2.3.3 Gain and Absorption Coefficients Measurements of the 3-QW
Material System

For the characterisation of the modal gain and absorption coefficients of the 3-QW
material a standard SMLL comprising of a gain and a SA section was used. The total
length of the cavity is equal to 1264 ym, with the absorber constituting ~4 % of it
(Laps=50 pm.) The two sections are electrically separated by 10 um gap between the
p-contacts. The ridge waveguide is slightly narrower than in the 5-QW devices, with a

width of 2 yum. Further details on the device layout can be found in Section 3.1.1.

The measurement procedure is identical to that used with the 5-QW material system.
Firstly, the gain measurements are performed with both absorber and gain sections for-
ward biased over a range of current densities below the lasing threshold. The outcome of
this measurement is shown in Fig. 2.11. Injected current densities span from 0.29 kA /cm?
to 1.12kA /cm?, above which the lasing modes begin to appear. The effects of the band

filling due to increasing carrier densities in the QWs as the gain peak shifts from 1570 nm
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FIGURE 2.11: Modal gain coefficient spectra of the 3-QW active material at different
current density values, obtained with the HP technique.

at the lowest pumping level to 1544 nm near the threshold can be observed. Also, gain

1

clamping at a level of 3cm™" is evident from the modal gain coefficient spectra. The

internal losses defined by the convergence point of the spectra at the long wavelength

1

side are equal to 8.6cm™". Next, the absorber section is reverse-biased and the refer-
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FIGURE 2.12: Reference spectra of the net modal gain coefficient for calculation of the
modal absorption coefficient of the 3-QW active material with the HP technique.

ence spectra are measured, as displayed in Fig. 2.12. The reference spectra are recorded
for each of the current density values presented in Fig. 2.11, and for reverse voltage
values ranging from 0V to 3.5V. Eq. 2.12 is next used to calculate the modal absorption
coefficient spectra, examples of which (for J,.;=0.79 kA /cm?) are presented in Fig. 2.13.
It can be seen that the peak absorption increases constantly from 100cm™! at 0V to

220cm~! at 2V, and clamps around that level at higher voltages. The QCSE is clearly
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FiGURE 2.13: Computed modal absorption coefficient spectra of the 3-QW material

at various reverse bias applied to the SA section and the gain section current density
of 0.79kA /cm?.

evident, as the absorption peaks move and broaden with the increasing field, similar to
those of the 5-QW material. The peak offset varies from 1.6 THz.V~! (8nm.V~!) at
the low voltage end to 3.4 THz.V~! (12nm.V~!) between 2.5V and 3.0 V. Interestingly,

the shift between the last two voltage values is much smaller, and the absorption edges

almost overlaps.

Net modal absorption coefficient [1/cm]

-600

——2V| _=0.28kA/cm?
ref

-400

——2VI =046 kA/cm?
ref

—2VI _=062kA/cm’

-200

——2VI _=0.79 kA/cm?
ref

2V _=0.96 kA/cm?
ref

——2VI _=104kA/cm?
ref

200

——2VI _=1.12kA/cm?
ref

400 1 1 1 1 1
1500 1520 1540 1560 1580 1600 1620
Wavelength [nm]

F1cURE 2.14: Computed modal absorption coefficient spectra of the 3-QW material
system, with a constant SA reverse bias of 2V and a various gain section current density.

Finally, the absorption coefficient spectra measured at a constant reverse voltage applied

to the absorber section, and with varying reference current densities in the gain section,

are shown in Fig. 2.14. The maximum absorption coefficient levels clamp around a value

of 200 cm~!. The absorption edges overlap with each other and, similar to the 5-QW
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device, their position and amplitude depend on the current density level applied to the

gain section.

The comparison of the gain and absorption coefficient spectra characterised with the
HP method shows that the general trends and features of these spectra are similar for
both laser material designs. However, absolute values of both the modal gain and the
absorption coefficients, as well as the observed spectral shifts differ, and therefore some
variations in the operational behaviour of the MLLs can be expected. The gain values
recorded in the 3-QW material are considerably smaller than those measured with the
5-QW device for the same levels of current density. This is partially due to the lower
number of quantum wells in the gain region as well as the modified shape of the mode,
that results in the reduction of the confinement factor. For the same reasons and also
due to minimised overlapping between the optical mode and the p-cladding layer, the
internal losses are lower in the 3-QW system. The decreased level of saturated absorption
in the 3-QW system may contribute to improved ML operation, e.g. lower noise, higher
optical power, better stability, and larger ML biasing regions, as easier modulation of

the absorber transparency can be achieved.

2.3.4 GVD in the Cavities of the Lasers

Another significant parameter that influences the behaviour of semiconductor ML de-
vices is the group velocity dispersion. It contributes to the pulse shaping mechanism,
and affects the overall chirp accumulated by the pulse. The GVD is defined as the sec-
ond derivative of the phase constant, 3, with respect to the frequency, w, i.e. d?3/dw?.
B is the real part of the complex propagation constant, k = § + i« [74], and is defined
as a phase change per unit length for light propagating in a waveguide. The imaginary
part of the propagation constant, «, is the absorption coefficient and represents optical
gain (or loss) experienced by the optical mode. The complex amplitude, A(z, t), of light

propagating along the waveguide axis z is described as
Az, t) = A(z = 0,t = 0)e'F*=9t) = A(z = 0,1 = 0)e "Wt gm0z, (2.13)

The GVD can be derived from the effective refractive index, n.sy, or from the dispersion

of the group index, ng, as shown in Eq. 2.14 [75]:

dn d*n
D=2 & el
v dA dx2 ’

where nerr = fBe/w. The effective group refractive index can be obtained from the

(2.14)

longitudinal mode spacing in the laser cavity [76], as the frequency spacing, Av, between
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the Fabry-Perot modes corresponds to the inverse of the roundtrip time in the cavity of

length L:

o
N 2nyL

Av . (2.15)

Hence, 1, is related to the spectral separation between the modes, A\, the wavelength,

A, and the cavity length:

(2.16)
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FiGURE 2.15: Exemplary spontaneous emission spectrum and the modal separation
diagram.

The spontaneous emission spectra measured for the gain and absorption characterisation
(HP method) were used to calculate the separation between the cavity modes. An

example of the spontaneous emission spectrum along with the mode separation diagram

is illustrated in Fig. 2.15.

Fig. 2.16 presents the third-order polynomials fitted to the mode spacing dependence
on the wavelength, measured at various gain current levels below threshold. It can
be observed that the spacing between consecutive longitudinal modes increases with
increasing wavelength. As the pumping level reaches 1.12kA/cm? the slope does not
change anymore and the modal spacing shifts towards lower values — see Fig. 2.16 (a-
b). This is even clearer in the graph presenting the group index profiles, as shown in

Fig. 2.16 (c-d). The refractive index evolution is more complex in the 5-QW device,
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FIGURE 2.16: Spacing between the longitudinal modes in the laser cavity measured
at a range of current densities, with (a) 5-QW and (b) 3-QW devices, and the group
index for various current densities in the (¢) 5-QW and (d) 3-QW devices.

for which the nonlinearity and slope of the refractive index characteristics strongly vary

with the current density.

This complex behaviour is a consequence of the bandfilling, bandgap shrinkage and free-
carrier absorption [77]. The bandfilling effect changes the level of absorption with respect
to the unpumped material. It affects the energy levels close to the bandgap and weakens
for energies well above it, effectively shifting the absorption edge. As the absorption and
refractive index are correlated through the relations described by the Kramers-Kronig
integrals [78], bandfilling inevitably modifies the refractive index spectra. The change
in refractive index (An) is negative, near and below the bandgap, and becomes positive
above it. The bandgap shrinkage comes from the mutual screening between electrons in
the conduction band (as well as between holes in the valence band), which form a gas of
interacting particles when current is injected. In terms of the refractive index variation,
band-gap shrinkage always causes positive An, which is largest near the bandgap. The
effect of free-carrier absorption is an intraband phenomenon, which manifests itself as an
increase in the energy of free carriers within the energy band after photon absorption.

This effect generates negative An and is proportional to the square of the wavelength.
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All three carrier effects independently modify the refractive index spectra under current
injection and their relative contribution changes as a function of the current density
levels, with the bandfilling effect usually having a dominant impact. Besides the electro-
optic effects, the refractive index is also influence by the active layer temperature increase
induced by Joule heating due to the injection current. The refractive index change,
Anrp, for the ITI-V compounds is always positive [79] and depends on the increase in the

temperature, AT, of the active layer accordingly to Eq. 2.17 [80].
Anp = (2 ~ 5) x 107*AT. (2.17)

The average temperature of the active region, T, which increases linearly with the
amount of the power, P, dissipated in the active guide depends on the effective thermal

resistance, Ry, and can reach as high values as 400 K [81].

The group velocity dispersion spectra obtained through differentiation of the refractive
index characteristics are shown in Fig. 2.17. In all the characteristics a negative GVD
product, i.e. normal dispersion, can be observed. The only exception is the 5-QW
characteristic taken at the current density of 0.78 kA /cm?, where the blue-end of the
spectrum exhibits anomalous dispersion. Due to a opposite sign of the curvatures of
the group delay in the two materials, the GVD characteristics evolve in opposite ways
in the 5-QW and 3-QW lasers, i.e. increasing for shorter wavelengths in the former
device and decreasing in the latter one. This is probably due to the variations of the
carrier induced effects between the two material systems as well as different dispersive
properties of the devices waveguides (caused for instance by the unequal ridge waveguide
widths). The presented results indicate that the contribution of the GVD to the overall
pulse characteristics depends on the injected carrier density and on the spectral profiles

of the emitted pulses.
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FIGURE 2.17: Group velocity dispersion profiles at various current densities in the (a)
5-QW and (b) 3-QW devices.
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2.4 Chapter Summary

In this chapter, the basic characterisation of the laser material systems used in this
work was presented. First, an overview of the epistructures used for the fabrication
of the investigated SMLLs and the major differences between them were given. Next,
two techniques for the modal gain and absorption coefficients characterisation were ex-
amined. The measurements confirmed that the HP method is more accurate than the
three-section approach, and hence it has been employed for the complete evaluation of
the gain and absorption spectra of both the 5-QW and 3-QW materials. The measure-
ments were performed on standard SMLLs, with a short section acting as an absorber
and a long section used as a spontaneous emission source. The obtained results showed
different levels of the modal gain and absorption coefficients, which were considerably
lower in the 3-QW structure. These measurements confirmed that the design modifica-
tions introduced in the 3-QW structure indeed affect the active material properties. The
effects of several carrier induced phenomena, such as bandfilling, as well as the QCSE
were also observed with varied biasing conditions. Finally, the dependence of the GVD
on the current density was measured on the two material systems. The strong normal
dispersion of the laser cavities indicated a significant correlation between the gain pro-
file, the injected current and the refractive index, which needs to be taken into account

in the evaluation of the devices under ML operation.



Chapter 3

Dynamics of Al-quaternary
Mode-Locked Laser Diodes

In this chapter, the performance of the Al-quaternary SMLLs operating at a repetition
rate close to 40 GHz is presented. First, an overview of the device geometry and a de-
scription of the experimental set—up employed for the measurements are given. Next,
the characterisation based on a detailed analysis of the optical and RF spectra, as well
as on the intensity autocorrelation traces, is performed. The various dynamical oper-
ating regimes of the devices, such as mode-locking, self-pulsation and continuous-wave
operations are mapped as a function of the biasing parameters. For the biasing ranges
in which ML operation is achieved, the quality of the ML is evaluated by measuring the
phase noise, the temporal pulse width, the stability of the RF signal, and the extent of
chirp accumulated in the optical pulses. The 3-QW devices are studied in greater de-
tail because of their superior performance. Furthermore, the influence of the SA section
length on the ML operation is investigated with these devices. The chapter concludes by

comparing the performance of the different devices in terms of geometry and material.

3.1 Dynamical Characterisation Procedures

3.1.1 Examined Devices

Fig. 3.1 shows the layout of the characterised passive mode-locked lasers. A schematic
diagram and an SEM image of the examined MLLs are also presented in Fig. 3.2. The
devices were designed to operate with a sub-40 GHz repetition rate. The waveguide
widths, d, of 2.5 pm and 2.0 um were selected based on the trade-off between single-mode

operation and low propagation losses in the 5-QW and 3-QW devices, respectively. The

44
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absorber section was placed next to one of the facets and the electrical isolation between
the gain and the SA sections was realised by a 10 um wide gap, g, between the p-type
metal contacts. The fabrication was performed by the author’s colleagues, Lianping Hou

and Gabor Mezosi, and details of this can be found in [54, 62, 82, 83].

waveguide p-contact pads
/ /

| T 7

! La Lsa

g

F1GURE 3.1: Layout of the mode-locking devices used in the work. The two section
device comprises of a gain section of length Lg, a saturable absorber of length Lga. A
gap of width g is defined between the two p-contact sections for electrical insulation.

gain section
(partially visible)

p-contact gap

(a)

FIGURE 3.2: Schematic diagram (a) and SEM image (b) of the SMLLs (courtesy of
G. Mezosi).

The two-section devices fabricated on the two material structures were thoroughly char-
acterised for a range of driving conditions. By scanning the values of gain current and
SA reverse voltage applied to the lasers, several parametric contour maps were con-
structed. Such maps are useful tool for performing comparative studies between devices
with different physical attributes. The analysis starts with two lasers fabricated in the
5-QW system, with differing SA length, Lg4, which constitutes 2.2% and 3.1 % of the
total cavity length. This is followed by the examination of six 3-QW lasers with the Lgs
varying between 1% and 6 %.

3.1.2 Experimental Set—up

The experimental set—up used to characterise the ML devices is presented in Fig. 3.3.

The back side temperature of the laser sub-mount is controlled using a Peltier cell and set
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to a constant temperature of 20°C. The light emitted from the facet at the gain section
side is coupled into an AR-coated lensed fibre, mounted on a high resolution 5-axis micro-
positioner and connected to a fibre pigtailed isolator. The optical signal is simultaneously
distributed with fused fibre splitters into the intensity autocorrelator, the OSA and the
RF analyser, (45%, 10% and 45% of the total power, respectively). The electrical
signal of the photodiode (45 GHz bandwidth) is amplified by a 50 GHz bandwidth RF
amplifier. Before being coupled into the autocorrelator, the optical signal is amplified
using an erbium-doped fibre amplifier (EDFA) and its polarisation is adjusted. Low
dispersion (less than 35fs/nm) of the EDFA ensures negligible pulse distortion of the
amplification stage. The TAC measurements are performed with the background-free
intensity autocorrelator (Femtochrome FR-130XL) [84], containing a PMT that records
the intensity of the signal generated in the SHG crystal. The output power emitted from
the opposite facet (SA side) is monitored with an InGaAs photodiode. All the devices
driving the lasers, as well as the measurement apparatus, are remotely controlled with a
PC, allowing for automatic and simultaneous acquisition of the recorded parameters. It
should be noted at this stage that although the results presented in this Chapter were
obtained with the lensed fibre coupled to the laser mirror located at the gain section
side, the same results were recorded by measuring the light emitted from the SA-side

facet, with no discrepancies observed between the two sides.
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FIGURE 3.3: Schematic of the experimental setup for testing the SMLLs.

3.1.3 Monitored Parameters

The assessment of the properties of the investigated devices, with a particular focus on
the ML region, is based on several monitored parameters. The recorded IAC, OSA and
RF spectra were post-processed with Matlab and the following device properties were

extracted:

1. SHG intensity autocorrelation:

e FWHM of the autocorrelation peaks,

e peak intensity of the traces.
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2. Optical spectra:

e peak wavelength,
e FWHM,

e modulation depth between the longitudinal modes.

3. Time-bandwidth product between the optical spectrum and intensity autocorrela-
tion FWHM values.

4. RF spectra around the fundamental repetition rate:

e peak frequency,
e peak amplitude,
e 10dB width of the peak,

e rms jitter
5. RF spectra at low frequencies (typically below 5 GHz):

e peak frequency,

e peak amplitude.

6. Output power.
Additionally, the following properties of the 3-QW devices were analysed:

e shape of the TAC traces,
e average photocurrent induced in the saturable absorber,

e peak power of the pulses.

The experimental results concerning the pulse profiles and the phase characteristics will

be the subject of a detailed analysis and will be presented separately in Chapter 6.

3.2 5-Quantum Well Devices

3.2.1 Operating Regimes

The analysis of the autocorrelation traces, RF spectra, and optical spectra of the tested
devices indicates a presence of several dynamical regimes, which, depending on the

biasing conditions, dominate the emission or coexist with the other dynamics. For
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instance, the main dynamical regimes encountered in the 3.1 % SA device are summarised
in Fig. 3.4, which presents the optical and RF spectra as well as the TAC traces plotted

for a constant Vg4=-2.6 V and several values of the gain current, scanned from threshold

(L) up to 4-Typ,.
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FIGURE 3.4: From left to right: optical spectra, IAC traces and RF spectra measured

at various biasing conditions in the 3.1 % SA MLL. Rows a), b), ¢), d), e) correspond I,

of 42mA; 52mA, 56 mA, 80 mA and 118 mA, respectively. Saturable absorber is kept
at a constant reverse voltage of Vg4=-2.6 V.

Close to the threshold (Fig. 3.4(a)), the IAC does not have any structure, and the RF
spectrum displays a broad peak at the round-trip frequency, accompanied by broad and
intense low-frequency noise. The OS indicates multimode operation around 1565 nm,
which is close to the SA band-edge, although a second, wide and weak spectral com-
ponent, blue-shifted by 20nm with respect to the main peak is also evident. As the Ig
is increased, this component begins to dominate the OS, the low-frequency components
in the RF spectrum weakens, the repetition frequency RF peak broadens and the TAC
trace begins to display shallow peaks, as presented in Fig. 3.4(b). Further increase of
the gain current — Fig. 3.4(c) — results in the disappearance of the original optical com-

ponent and lasing takes place solely in the blue-shifted region. This wavelength change
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has a significant effect on the IAC trace, where much clearer and stronger pulses are
observed. However, the persistence of the background signal between the pulses indi-
cates incomplete ML operation, which is accompanied by SP, clearly visible in the RF
spectrum around 2 GHz. With stronger pumping, as displayed in Fig. 3.4(d), the SP
begins to prevail over the ML. The OS becomes wider, while its modulation depth de-
creases. Both the amplitude and the peak frequency from the SP contribution increase,
which can also be identified in the IAC trace by the broad envelope superimposed on
the ML pulses. At even higher gain current values the ML settles in, as presented in
Fig. 3.4(e). The most striking feature of the ML at these gain current levels is that the
central wavelength experiences a large red-shift by ~20nm, and lasing occurs around
the original wavelength (except for the unavoidable red-shift due to Joule heating). The
OS displays almost no trace of the blue-shifted component and the RF spectrum is free

of any SP features.
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F1GURE 3.5: Optical, RF and TAC characteristics measured in the optimum ML range
of the 5-QW SMLL with a 3.1 % SA. I;=100mA and Vgs4=-3.2V.

For comparison, the RF and optical spectrum, as well as the IAC traces from the op-
timum mode-locking region are shown in Fig. 3.5. At I;,=100mA and Vg4=-3.2V the
emission is characterised by an almost symmetrical OS with a comb modulation of 12 dB,
concentrated around 1560 nm, and with no evidence of a blue-shifted component. The
TAC trace displays high intensity and pedestal-free peaks with an average FWHM of
2.8 ps. The RF spectrum confirms pure ML operation, as neither SP nor noise compo-

nents are evident in the low frequency range.
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The following sections will present a detailed analysis of all the monitored parameters
performed within a wide range of the device biasing conditions. Also, the operating

points presented in Fig. 3.4 and Fig. 3.5 will be identified on the parametric maps.

3.2.2 SHG Intensity Autocorrelation Measurements

The temporal width of an optical pulse can be estimated from second order IAC measure-
ments. However, in order to determine the FWHM from an autocorrelation envelope,
a specific pulse shape needs to be assumed. In fact, depending on the expected pulse
profile, the deconvolution factor from the TAC width can take different values. The
pulse shape that is usually used for fitting the experimental traces of pulses emitted
from passive SMLLs is a sech? profile [85], for which the deconvolution factor is equal
to 0.65. The sech? pulse shape is a solution to the Master equation usually used in
analytical mode-locking theory [86], [87]. However, large deconvolution errors can oc-
cur when processing optical pulses with complex or non-symmetric intensity structures.
Hence, only the non-deconvolved FWHM values of IAC traces will be presented in this
Section. An example of the IAC pulse train is displayed in Fig. 3.6, with FWHM of
the autocorrelation peak equal to 2.7 ps (temporal width of 1.75 ps with the sech? shape
assumed). From the peak separation the repetition rate of the MLL can be deduced. In
the trace of Fig. 3.6, the spacing of 25.78 ps corresponds to a pulse repetition frequency
of 38.8 GHz.
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FIGURE 3.6: Example of the intensity autocorrelation trace measured on a 5-QW
SMML with a 3.1% SA (I;=92mA, Vgs4=-3.2V).

For both the 5-QW devices, i.e. with the 2.2% and 3.1 % SA, TAC traces were recorded

for a range of the SA reverse voltage gain section current. The parametric maps of
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FIGURE 3.7: Parametric maps of the (a, b) IAC FWHM values and (c, d) the average

amplitude (V) of IAC peaks measured on the (a, ¢) 5-QW SMLLs with 2.2 % SA (left

column) and (b, d) 3.1 % SA (right column). The cross symbols identify the operating
points presented in Section 3.2.1.

the autocorrelation FWHM values registered at each biasing point are presented in
Fig. 3.7(a) — 3.7(b). The black contour lines encompass the biasing regions for which
the autocorrelation width values stay below 3 ps. For easier comparison between various
monitored parameters, these lines will be plotted in other parametric maps characterising
the devices. To reject incomplete ML or noise present in the autocorrelation traces, a
lower limit of 0.125V and an upper threshold of 4 ps were applied to the normalised
autocorrelation intensity and the autocorrelation width, respectively. It can be seen
that the precursors of ML are already apparent around a SA reverse voltage of 2 V. At
this voltage level the absorber recovery time is well below the cavity round-trip time
[88], which allows for full recovery of the absorber between consecutive pulses. Pulses
with the narrowest IAC traces were measured for a reverse voltage larger than 3V, with
widths as narrow as 1.5ps, on the 2.2% SA device. The device with shorter absorber
emits much shorter pulses, which suggests that the conditions for optimum mode-locking
are better satisfied for this SA length. Shorter absorber is probably easier saturated by

the pulses traveling in the cavity and, hence, have a stronger influence on the pulse
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shaping mechanism. Also, the decreased average losses in the absorber allow for higher
optical intensities in the cavity and stronger modulation of the gain. The SA reverse
voltage used in the experiments was kept above -3.4 V|, as a stronger biasing resulted in
deteriorated ML and induced excessive photocurrent values, which dramatically reduce
the lifetime of the absorber. The regions of optimum ML expand from I,=70mA to
I4=130mA for the device with the shorter absorber, and from I;=60mA to I,=115mA
for the longer absorber. Above 115 mA the pulses deteriorate, as they gradually increase
in width and reach 4 ps at around I;,=140 mA. This temporal pulse broadening is caused
by the SPM and unstable mode-locking, triggered by the SA over-bleaching due to

excessive power [89].

Another characteristic feature present in Fig. 3.7(a)-3.7(b) is a region of wide pulses in
the bottom left part of the ML region. In this region the dynamical behaviour is domi-
nated by self-pulsation operation. This is a strong detrimental effect in passive SMLLs,
which is triggered by the carrier density fluctuations causing periodic modulation of the
pulse train at frequencies typically below 10 GHz [90]. A similar behaviour was already
described in [16], where the SP occurred at low gain currents and gradually gave way to
ML at higher pumping levels. Also, the SA biasing has a substantial impact on the laser
stability through the absorber recovery time, 7,;s. Larger SPs are induced by shorter
Tabs and a stronger absorber saturation as compared to the gain recovery time and gain
saturation level, which coincides with the conditions for ML triggering [15], [91]. Fur-
thermore, mode-locking requires the net gain modulation to be in phase with the photon
density modulation and to lag behind the loss modulation, which also implies high prob-
ability of SP [17]. Consequently, the ML operation imposes specific requirements on the
differential gain and effective lifetimes in the gain and absorber sections, as well as on
the spontaneous emission lifetime, average photon density, and steady-state gain and
absorption values. In order to avoid SP, a large intra-cavity photon density and a low
threshold gain needs to be created. Photon density can be increased for instance by
biasing the gain section with high currents, while the second requirement needs to be

taken into consideration at the early stages of the material and device geometry design.

A second feature defining the ML quality is the amplitude of the autocorrelation pulses.
Basically, the optimum ML, with narrow pulses and low noise levels would produce auto-
correlation traces with high peak-to-pedestal ratios and high peak intensities. Fig. 3.7(c)-
3.7(d) present the contour maps displaying the mean peak intensity values of six con-
secutive autocorrelation pulses measured on the 5-QW devices. The maps reveal that
the vast majority of the regions inside the 3 ps-lines correspond to relatively low peak
amplitudes. Above the gain current of 115 mA the autocorrelation peaks barely exceed
the intensity threshold. For both the devices the amplitude changes as a function of

the gain current and is not significantly affected by the SA bias. The intensities of IAC
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peaks reach the highest values in the ML region adjacent to the SP region. This confirms
that an excessive gain pumping results in deteriorated ML, which was already apparent
from the FWHM maps, and that self-pulsation promotes the intensity of the measured

autocorrelation signal.

3.2.3 Optical Spectrum Measurements

The stability of the mode-locking as well as a prediction of the minimum achievable
optical pulse width can be deduced from the optical spectrum. Combined with the
TAC, it is a useful tool for the estimation of the pulse chirp. An example of an optical
spectrum under ML operation is presented in Fig. 3.8. An ideal pulse with a sech?-
shaped temporal intensity would also produce a frequency domain spectrum with a
sech? envelope. However, SMLLs usually produce slightly asymmetric spectra, due to
the non-symmetric curvature of the gain and absorption spectra, as well as SPM in the
gain section. Furthermore, the pulse shaping mechanisms of the gain section and the
absorber act differently on the temporal trailing and leading edges of a pulse [92], which
also has a direct effect on the spectrum. Moreover, any other substructures present
in the pulse spectrum may indicate noise, SPM or further undesired effects, e.g. self-
pulsation. Additionally, the height of the mode-comb can be an indicator of the ML
quality, with a stronger modulation of the OS suggesting better mode-locking.
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FIGURE 3.8: Example of the OS measured on the 5-QW SMML with a 3.1% SA
(19292 mA, VSA:'3~2 V)

The FWHM values of the optical spectra are mapped in Fig. 3.9(a) — 3.9(b). The
typical widths registered in the region of the best ML range between 6 nm and 8 nm.
The maximum FWHM values recorded in the experiments correspond to SP or mode-

locking affected by SP, where double-peak spectra were measured. Similar to the TAC
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traces, the optical spectra are more sensitive to a change in the gain section bias than

in the SA voltage. The incomplete ML present at higher gain pumping levels and

producing low intensity IAC is characterised by narrower spectral comb, indicating a

temporal broadening of the pulses.
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FIGURE 3.9: Parametric maps of the (a, b) FWHM (nm), (¢, d) comb modulation
depth (dB), and (e, f) central wavelength (nm) of the optical spectra measured on the
5-QW SMLLs with 2.2% SA (left column) and (b) 3.1 % SA (right column).
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Next, the spectra were analysed for their optical comb modulation depth. Fig. 3.9(c) —
3.9(d) display the parametric maps of the longitudinal modes modulation depth mea-
sured around the peak wavelengths. In order to minimise the error caused by the spec-
trum under-sampling, the resolution bandwidth of the OSA was set to 0.07 nm, corre-
sponding to ~5 samples taken per optical mode. However, the resolution error could
not be completely avoided, the effect of which can be observed as a periodic modulation
imposed on the low intensity optical spectrum envelope in Fig. 3.8. The spectra with
the highest comb modulation within the contoured region occur at high gain current
levels, mostly exceeding 100 mA. As already discussed, this region corresponds to tem-
porally broad and spectrally narrow pulses. The low comb modulation present for weaker

pumping is caused by self-pulsation, affecting the ML operation or even dominating it.

Finally, the spectra were analysed for their central wavelength. Results from Fig. 3.9(e)
— 3.9(f) show that the optical emission in the ML region is concentrated around a
wavelength of 1560 nm. When compared to the results presented in Fig. 2.7 and Fig. 2.9,
the ML spectrum appears red-shifted with respect to the gain peak and centered around
the SA absorption edge. Such a condition allows for deep modulation of the losses, which
is a necessary requirement for the ML operation. However, when the device switches
to the SP regime, a sudden jump of the peak lasing wavelength to the blue part of the
spectrum can be observed. This transition between the mode-locking and self-pulsation
regimes is clearly apparent in the spectral maps shown in Fig. 3.10. It can be noticed
that the threshold current increases monotonously with the SA reverse voltage from
I;,=26mA at Vg4=0V to I;,=41mA at Vg4=-3.2 V. This increase is caused primarily
by the higher losses due to stronger absorption, as was presented in Fig. 2.9. For low
reverse bias, e.g. Vga=-0.2V, only a moderate red-shift following the gain peak is
observed (Fig. 3.10 a). When the absorber biasing reaches Vg4 = —1.8 V, SP and weak
ML dynamics begin to modify the optical spectrum (Fig. 3.10 b). Further increase
in the voltage triggers sudden spectral transitions, confirming a competition between
the ML and SP operation (Fig. 3.10 c-d). The mode-locking at these voltage levels
becomes free of SP only for gain currents exceeding 115 mA, where the pulses begin to
be affected by the SPM. SA reverse voltages exceeding 3.0 V have to be applied in order
to obtain SP-free pulses at relatively low I, (Fig. 3.10 e-f). The graphs also confirm
that the modulation between the comb modes are shallower in the region affected by

self-pulsation.
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FIGURE 3.10: Spectral maps of the 5-QW SMML with a 3.1 % SA, captured at several
values of the SA bias. Large central wavelength shifts can be observed as the device
switches between the SP and the ML operational regimes.

3.2.4 Time-Bandwidth Product

The time-bandwidth product between the non-deconvolved widths of the TAC traces
and the spectral FWHM are presented in Fig. 3.11. As was explained earlier, the non-
deconvolved temporal width values are used in this analysis to avoid any assumption on
the pulse shape at this stage of the characterisation. However, if a sech? pulse profile
was used, the TBP of a transform-limited pulse would be equal to 0.315. With non-
deconvolved pulses, this figure would rise to 0.485. In the case of a Gaussian pulse, these
values would be 0.44 and 0.62. Clearly, none of the measured pulses reaches such low
TBP levels, which proves that their phase profiles are to some extent affected by chirp or
there are intensity substructures present in the temporal envelopes. From the TBP map
of Fig. 3.11(a) it can be deduced that the bottom region of ML (below the SP region)
on the 2.2 %-SA device produces the best quality pulses, with a TBP ~0.7. The optical
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FIGURE 3.11: Parametric time-bandwidth product maps measured on the 5-QW SM-
LLs with (a) 2.2% SA and (b) 3.1% SA.

spectra of the pulses from this region are symmetric and deeply modulated. However,
due to rather narrow optical spectrum envelopes (below 4 nm) these pulses are relatively
broad (autocorrelation FWHM is around 2.5 ps). Therefore, low peak intensity values,
and consequently, low autocorrelation signal levels are typical for this ML region. Mode-
locking with shorter pulses was recorded above Vg4=-3.1V and I; ~100mA, with IAC
widths as low as 1.5 ps, spectral FWHM of 6 nm and TBPs of ~1.2. For the device with a
longer SA, the region of the shortest pulses is concentrated around I;=80mA and Vgs=-
3.2 V. The high value of TBP (&1.2) of this region suggests considerable amount of chirp
accumulated by pulses or incomplete phase locking between the laser modes. The best
ML pulses in terms of all the performance indicators analysed so far are recorded around
Vsa=-2.9V and [;=100mA, with TBP below 1.0, autocorrelation FWHM of 2.8 ps,
relatively high TAC intensity (over 3.0V), deep frequency comb modulation (16 dB),

and SP-free operation.

3.2.5 Radio Frequency Measurements

The RF spectrum of a mode-locking device not only delivers information about the
stability of the pulse train, but also helps in assessing the quality of ML by providing
evidence of possible noise or low frequency pulsation in the emitted signal. Hence,
these spectral regions were studied and will be discussed in this section. The maps of
the RF amplitude at the cavity round trip frequency for both devices are presented
in Fig. 3.12(a) — 3.12(b). It is clear from both graphs that there is a direct relation
between self-pulsation and RF peak amplitudes, as these increase with the gain current
and weaken in the vicinity of a SP region. For the 2.2 % SA device the highest peaks are
observed near the bottom limit of the ML region (i.e. in the region already discussed in

Section 3.2.4), and on the high gain current side, outside the optimum ML region. In the
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region which gives the best ML pulses, centered around Vg4=-3.2V and I,=100mA, the
RF peaks reach an amplitude of -35dBm, i.e. ~30dB above the floor level. Similarly,
for the device with a longer SA, the highest RF peak values are concentrated on the

high gain current side of the ML region (and also well above it).
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FIGURE 3.12: Parametric maps of the (a, b) the amplitude (dBm), (c, d) central
frequency (GHz), and (e, f) 10dB width (MHz) of the fundamental RF peak, measured
on the 5-QW SMLLs with 2.2 % SA (left column) and (b) 3.1 % SA (right column).

Under the optimum mode-locking conditions both devices exhibit stable repetition rate
at 38.8 GHz that increases monotonically with the gain current and is barely sensitive to

the absorber bias (Fig. 3.12(c) — 3.12(d)). The repetition frequency increase is caused by
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the plasma effects, which produces a negative group refractive index change. A detailed
analysis of the influence of the driving conditions on the SMLLs fundamental repetition

frequency will be presented in Section 3.3.4

Another significant parameter for the ML assessment is the linewidth of the RF peak.
Fig. 3.12(e) — 3.12(f) present the 10 dB width of the fundamental frequency peaks. Both
devices are characterised by a similar RF 10 dB-linewidth value, which in the optimum
ML ranges remains between 1 MHz and 30 MHz. Much lower values, down to 100 kHz,
are recorded outside the ML region, towards the high gain pumping side, where the
multimode dynamics generates high-intensity and narrow-linewidth RF peaks. Fur-
ther discussion of the RF-linewidth evolution with driving parameters and operational

regimes will be presented in Section 3.3.4.
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FIGURE 3.13: Parametric maps of the (a, b) amplitude (dBm) and (¢, d) peak frequency
(GHz) of the low frequency components, measured on the 5-QW SMLLs with (a, ¢)
2.2% SA and (b, d) 3.1% SA.

Finally, the RF spectrum from 0 GHz to 5 GHz is analysed. The main contributors to
the RF signal in this frequency region are the SP and the low-frequency noise. Fig. 3.13
plots a distribution of the intensity and peak frequency of these spectral components.

The regions with the highest low-frequency signal concentrate on the bottom left side
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of the ML region. It can be clearly seen that there is a correlation between the presence
of low-frequency peaks and self-pulsation, as the two regions overlap. The graphs also
confirm the previous observations of a significant presence of SP even in the mode-locking
region, which only reduces as the gain current is increased. The peak frequency depends
mainly on the gain section current and it shifts from ~0 GHz at threshold up to 3.5 GHz
close to the high I, edge of the SP region.

3.2.6 Jitter Measurements

Applications such as all-optical clock recovery and optical sampling systems, usually
impose tight tolerances on the timing jitter parameters. Timing jitter is a statistical
measure of a noisy signal and provides information about the deviation of the pulse-to-
pulse arrival time in a pulse train. The mode-locked laser can be treated as a free-running
noisy oscillator with oscillation concentrated around a mean value, 74,4, and a Gaussian
distribution characterised by a standard deviation, ., called cycle-to-cycle jitter or rms
cycle jitter [93]. The noise sources can be interpreted as the local oscillators operating
around 1/7,,4, which give rise to sidebands in the frequency domain signal, visualised
as a phase-noise noise spectrum. The magnitude of the rms jitter is proportional to the
square-root of the integrated power of the phase-noise sideband [94]. The integration
limits in the frequency domain correspond to the measurement time in the time domain,
hence the rms jitter can be interpreted as a standard deviation of the pulse arrival
time recorded, with time integrals ranging between the reciprocals of the phase-noise

integration limits.

The jitter performance of the investigated passively-running 2.2 % SA SMLL was tested
within a range of typical biasing parameters. A Rohde & Schwarz FSV40 electrical signal
analyser with a built-in phase noise utility, and a 40 GHz bandwidth photodiode were
used to measure the single-sideband (SSB) phase noise on the quasi—40 GHz carrier.
The measurements automatised with a LabView software were performed within the
frequency range 10kHz — 1 GHz, and next the rms jitter was calculated according to
the ITU-T specified range for 40 GHz sources (20kHz — 320 MHz). The measurement
range exceeded the integration limits due to the fixed frequency ranges available in the
phase-noise utility of the signal analyser. The rms timing jitter, o, computed within
the frequency limits f, and fg, is a function of the SSB curve, Sy, as shown in Eq. 3.1
[95]:

T

fu
71t fi) = go) [ Sone D (31

where Tpg is a period of the pulse train.
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Fig. 3.14(a) plots an example of the SSB characteristics measured at four different biasing
points within the ML region. The rms jitter calculated from Eq. 3.1 with a lower
frequency offset integration limit of 20 kHz is displayed in Fig. 3.14(b). Fig. 3.15 shows
a distribution of the jitter values across the ML region. The typical levels are between
4 ps and 7 ps, and the lowest jitter values are concentrated at the lower boundary of the

ML region as well as close to the low-1, over the Vgq ~ —3.0V.
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FIGURE 3.14: (a) SSB phase noise spectra for various biasing conditions within the
optimum ML region and (b) corresponding integrated rms jitter characteristics as a
function of the upper integration limit, measured on the 5-QW SMLL with a 2.2 % SA.
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FIGURE 3.15: Parametric map of the rms jitter (ps) integrated in the frequency offset
range of 20 kHz — 320 MHz, measured on a the 5~QW SMLL with a 2.2 % SA.
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3.2.7 L-I Characteristics

In addition to the measurements described so far, the output intensity vs. gain current
(L-I) characteristics were also measured for a range of SA bias values. The laser light
was coupled directly to a broad area photodetector. A direct consequence of applying
a reverse voltage to the absorber is an increase in the threshold current, as plotted in
Fig. 3.16(a). With no voltage applied, i.e. Vg4=0V, the threshold current is equal to
26 mA. Up to Vga=-1.4V the threshold only rises to 29 mA. However, higher voltage
values trigger much larger changes in the absorption, and Iy, grows more rapidly for Vga
exceeding -2V, reaching 43 mA at Vg4=-3.0 V. Interestingly, above that value (Vga=-
3.2V) the threshold current does not increase any more and even drops slightly. This
behaviour can be explained by the spectral detuning between the bandgap of the sat-
urable absorber and the gain section. Initially, the strongly blue-detuned SA is virtually
transparent to the light and the threshold wavelength occurs close to the gain peak. The
SA bandedge shifts towards longer wavelengths with increasing Vg4, which forces the
threshold lasing to the red side of the gain peak (Fig. 3.10), consequently increasing the
threshold current. However, at the highest absorber biasing levels, the lasing operation
is again initiated at the gain peak, in order to overcome high losses caused by the close
vicinity of the absorber bandedge, and the lasing threshold can be reached at a slightly

lower gain section current [50].
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FIGURE 3.16: (a) Development of the threshold current values with increasing SA
voltage in the 3.1 % SA 5-QW SMLL, and (b) L-I characteristic at Vg4=-2.6 V.

The spectral instabilities described in Section 3.2.1, associated with different dynami-
cal regimes present in the devices also have an impact on the L-I characteristics. For
instance, Fig. 3.16 presents the L-I curve measured on the 3.1 % SA device biased at
Vsa=-2.6 V. The development of laser dynamics at that Vg4 level was already discussed

in detail and shown in Fig. 3.4. Just above threshold the device operates with a single
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spectral component (range R1 in Fig. 3.16) concentrated around 1565 nm. When the
second, blue-shifted component appears (R2), the output power stagnates. Next, the
emission is dominated by the SP (R3) with only weak ML pulses, and is spectrally cen-
tered around 1545 nm. The output power increases monotonically, until the transient
region between the dynamic regimes (R4), where it suddenly drops until the ML oper-
ation takes over (R5). Here, the output power once more increases with I,. However
the curve is down-shifted with respect to the R3 range, due to higher losses in the ML

regime, which is now centered closer to the absorber band-edge.

3.2.8 Summary of the 5-QW Devices

The performance of two SMLLs fabricated on the 5-QW laser material and operating
with a repetition rate at around 39 GHz has been presented. The devices differ from each
other in the length of the SA section, which were 25 um and 35 um (2.2 % and 3.1 % of
the total cavity length, respectively). The lasers were tested for a wide range of external
biasing conditions, and several mode-locking indicators were registered and compared.
Both devices were influenced by self-pulsation, which affect their operation for absorber
reverse bias values typically above -3.0 V and for gain currents ranging from threshold to
100mA. On both MLLs, the SP decayed with stronger gain pumping. The device with
a shorter SA exhibits a larger region of pure ML performance and also emits shorter
pulses (autocorrelation FWHM as narrow as 1.5 ps). The narrowest pulses are obtained
with the absorber reverse voltages exceeding 3.0V, although, the higher reverse bias
(>3.4V) induces excessive photocurrent in the absorber section, which usually causes
its failure. The pulses from the optimum ML region produce optical spectra with the
3dB widths between 6nm and 8nm and the comb modulation of ~12dB. Spectral
competition between the SP and ML is observed in the form of abrupt jumps of the
emission wavelengths. These instabilities are particularly evident at relatively low Vga
levels and disappear with stronger SA biasing. The value of the rms timing jitter in
the optimum ML biasing region of the 2.2 % SA laser stays around a level of 4 ps in the
frequency offset range of 20kHz — 320 MHz. The typical average power emitted from a

single facet is between 2-6 mW, and is strongly dependent on the SA section bias.
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3.3 3-Quantum Well Devices

As previously mentioned, the 3-QW devices were analysed more extensively than the
5-QW devices, with special attention paid to the dynamical behaviour as a function
of the SA. It will be shown that this geometrical parameter plays an important role
in the SMLLs operation, as it influences key properties of the devices, such as the
gain and absorption saturation levels. The characterisation has been performed on six
devices with the SA length changing from 1% to 6 % of the total cavity length. For a
more straightforward comparison between the devices, most of the maps displaying a
particular parameter are plotted within the same gain current and SA voltage ranges
and with an identical colour scale. The only exception is the device with a 6 % SA,
which needs to be driven at higher I, and Vga in order to obtain the ML operation.
The analysis begins with the time-domain measurements where the FWHM, intensity,
and autocorrelation envelope shapes are studied. The sets of measurements are similar
to what was presented for the 5-QW devices, as these provide a detailed and complete

characterisation of the dynamical operation of the MLLs.

3.3.1 SHG Intensity Autocorrelation Measurements

Fig 3.17 displays the evolution of the autocorrelation FWHM for different absorber
lengths. The black contour line in the graphs surrounds the regions in which the FWHM
is below the value of 1.4 ps. The displayed mode-locking domains were restricted by a
maximum FWHM value of 2.5 ps. The most striking feature apparent in Fig 3.17 is the
expansion of the ML regions with increasing SA length. The most significant growth can
be observed between the devices with SA=1% and SA=2 %, where the region delimited
by the contour line expands several times. The widths of the autocorrelation traces at
low voltage levels are close to the limit of 2.5ps, due to the relatively long recovery
time of the absorber. Another feature characterising the evolution of the optimum ML
regions with the SA length is that they tilt from an almost vertical orientation across
the biasing region (e.g. 2%-SA device) into a more horizontal one. Again, this feature
stems from the higher losses induced by longer SAs, which requires higher gain pumping

to sufficiently saturate the absorbers.

The autocorrelation traces peak amplitudes are illustrated in the same ML region as in
Fig. 3.18. The region with the most intense peaks constantly shifts towards higher gain
section pumping levels, but the general trend stays the same. The highest signals are
registered at the low gain current edges of the ML regions, which are concentrated around
a SA reverse bias in the range of 2-2.5V. An interesting feature that is apparent from

Fig. 3.18 is that the highest amplitudes of the autocorrelation peaks increase gradually
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FIGURE 3.17: FWHM (ps’ of the intensity autocorrelation traces of the 3—-QW material
devices for various SA lengths.

with the absorber length, with the biggest changes recorded from SA=2% to SA=3%,
and from SA=5% to SA=6 %.

Even though the IAC is not capable of providing accurate insight into the pulse shape
or phase profile, a non-ideal shape, e.g. affected by additional substructures or satellite
pulses, often produces a SH intensity autocorrelation profile with a feature called the
coherence spike. Example of such an autocorrelation trace is presented in Fig. 3.19(a).
It consists of a narrow peak, situated in the middle of much wider “wings”. However,
the name of this structure may be somewhat confusing, as it is not related to the

coherence time of the pulses (IAC is unable to resolve the phase). The coherence time,
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figures.

though, could be estimated with the second-order FRAC measurements, and would be
directly proportional to the width of the interferometric fringes envelope within the
autocorrelation trace [96]. However, this method is usually insufficient for a full pulse
phase characterisation, and therefore it was not used in this project. A more accurate,
chirp sensitive method, called the sonogram was employed for the phase detection, and

will be explained in Chapter 5 of this thesis.

In order to visualise the presence of the coherence spikes in the autocorrelation traces,
the ratio between the width at 20 % and 50 % of the trace amplitude is evaluated and

illustrated with a parameter referred to as incoherence factor. A threshold value of 2.25
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FIGURE 3.19: Examples of the autocorrelation traces (a) with and (b) without a
coherence spike profile, measured with the 4% SA device at Vga=-2.2V, I,=96 mA
and VSA=—2.8 V, Ig=80 mA.

has been applied in order to assess the impact of the coherence spike on the autocor-
relation traces (Fig. 3.19). If the width ratio stays below this level, the autocorrelation
peak is classified as coherence-spike-free, and is assigned a incoherence factor value of 0.
Otherwise, the factor is equal to 1. The procedure is repeated for each peak available in
the autocorrelator delay following which an average value is calculated. The final results
of the analysis are presented in Fig. 3.20. Obviously, such a simplified diagnosis is not
error—free. For instance, there are two separate coherence-spike-free regions present in
each map. The top left indicates optimum pulses as previously discussed, while the
second domain only gives an impression of smooth pulses. In reality, the autocorrelation
traces in this region deviate substantially from the shape produced by a Gaussian or
sech? pulse. Instead, triangular-like envelopes are measured, which are more difficult
to distinguish from good quality pulses with the incoherence-factor method. However,
the incoherence factor maps can still be informative, as in conjunction with the contour
lines, it can be seen how the FWHM measurements might be misleading. For instance,
in Fig. 3.20(b), the region inside the contour plot extends far beyond the dark-blue re-
gion of coherence-spike-free pulses. If the laser driving parameters drift away from the
optimum conditions (e.g. through excessive gain pumping), the pulse begins to spread
unevenly. This is mostly evident in the lower part of its autocorrelation trace, and is

usually overlooked in the FWHM measurements.
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FIGURE 3.20: Incoherence factor maps of the intensity autocorrelation pulses of the
3-QW material devices for various SA lengths.

3.3.2 Optical Spectrum Measurements

The optical spectra were analysed over the full range of biasing conditions for each
device. Fig. 3.21 presents a distribution of the spectral FWHM values. The inclusion
of an upper limit of 14nm in the plots eliminated large values caused by the presence
of spontaneous emission spectral component or double-peak spectra. The global trend
indicates an increase of spectral width with longer absorbers. The maximum values
registered within the contour lines shift from 7nm with SA=2% to 12nm with SA=6 %.
Furthermore, the effect of intensifying self-pulsation, in the low gain current parts of the

biasing regions, can also be observed. There are also sharp transitions in FWHM values
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between the ML regions and the single-mode continuous wave operation. Interestingly,
the widest spectra are localised near the high Vg4 limits of the optimum ML regions,
which is not necessarily where the shortest pulses were observed (Fig. 3.17). This is
particularly evident for the short-SA devices, and it indicates that these spectrally wider

pulses may be affected by stronger chirp than those at the low current edge of the ML

regions.
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FIGURE 3.21: FWHM (nm) of the optical spectra of the 3-QW material devices for
various SA lengths.

A distribution of central wavelength in the optical spectra are presented in Fig. 3.22.
It can be noticed that an increase in the absorber length induces a reduction of central

wavelength in the optimum ML regions. It appears from these graphs that the central
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wavelength follows the gain peak, which blue shifts with longer absorber. This is due to
an increased threshold carrier density induced by the higher losses of the longer absorp-
tion section. Also, the ML regions extend over wider wavelength ranges. For instance,
the contour plot in Fig. 3.22(b) spans over 4nm, whereas in Fig. 3.22(e) it runs over

10nm. The examples of OS evolution for various Vg4 levels are presented in Fig. 3.23.
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FIGURE 3.22: Peak wavelength (nm) of the optical spectra of the 3-QW material
devices for various SA lengths.

At the lowest reverse voltage levels (e.g. at Vga=-0.1V) the emission is concentrated
around a single spectral region ~1540 nm. The spectrum is stable throughout the vast
range of the gain section pumping, with some variations occurring close to the threshold.
These instabilities intensify for higher Vg4 and are strongest when the laser enters the

SP region. This is evident in the spectral maps as the spectrum widens substantially
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towards shorter wavelengths (~1515nm). When the SP entirely dominates the lasing
operation (e.g. at Vga=-1.7V, I;=60-70mA), the spectral region is completely blue-
shifted with respect to the ML region. The extent of this shift depends on the absorber
biasing and typically decreases with Vg4. At very high values of the absorber voltage
the lasing is usually SP-free and a sharp transition between the continuous-wave (CW)
and ML regimes appears. For instance, at Vg4=-3.0V and I; ~75mA, where the ML
starts, the spectral width increases from 2nm to 10 nm within a gain current increment

of only 4mA.

Finally, the spectra were analysed for their mode-comb modulation depth. Fig. 3.24
shows that the OS modulation in the ML region is rather irregular with short SA lengths
and stabilises on 4-6 % SA devices, with a typical value of ~20dB. The SP can be
clearly identified as the dark-blue regions, which correspond to shallowly-modulated

longitudinal mode comb (~5dB).
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FIGURE 3.23: Spectral amplitude (dBm) maps measured on the 4 %-SA device at
various levels of Vg4.

3.3.3 Time-Bandwidth Product

The TBP between the unconvoluted IAC widths and spectral FWHM values is plot-
ted in Fig. 3.25. The TBP values displayed in the graphs are limited to the range of
0.5 — 2, which correspond approximately to the biasing regions shown in the previous
autocorrelation-based maps (Fig. 3.17-Fig. 3.20). It can be noticed that the 2% SA de-

vice has the widest region for which the TBP is below 1. The lowest values are registered
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FIGURE 3.24: Modulation depth (dB) of the spectral comb profiles of the 3-QW
material devices for various SA lengths.

for devices with SA>4%. However, they are concentrated within a relatively narrow
range of the biasing parameters, just above threshold currents and Vgg=-2 —-3 V. There
is a general trend of an increasing average TBP within the ML contour lines for devices
with >3 % absorbers.

3.3.4 Radio Frequency Measurements

The amplitude of the RF signal at the cavity round trip frequency is mapped in Fig. 3.26.
Clearly, the regions of high intensity peaks expand over much wider biasing ranges than

the optimum ML contour lines. The ML operation produces RF signals with extinction
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F1GURE 3.25: Time bandwidth product between the IAC and OS FWHM values mea-
sured on the 3—-QW material devices for various SA lengths.

ratios (ERs) of over 30dB. However, the highest peaks are mostly registered outside
these regions, on the high-I, side of the parametric maps. This is particularly evident
in the case of devices with short SAs. The span of the RF amplitudes in the ML regions
increases systematically with the absorber length and reaches over 60 dB on the 5% SA
device, as shown in Fig. 3.26(e). That proves their superiority to the short SA devices

in the applications requiring wide repetition rate tunability ranges.

The fundamental repetition frequency (frep) of the SMLLs as a function of the biasing
parameters is plotted in Fig. 3.27. There are two separate regions present in each
figure. The region corresponding to low SA reverse bias (usually below 1V), is much

less sensitive to the biasing conditions than the upper regions, and display the highest
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FIGURE 3.26: Peak intensity (dBm) of the RF spectrum at the cavity round-trip
frequency measured on the 3-QW material devices for various SA lengths.

repetition rate values within the measurement ranges. The peak frequency in these
biasing regions increases only slightly with the SA bias. A second region, with lower
repetition rates, appears at higher Vg4 and it is of greater interest, as it corresponds
to stable ML operation. At low values of I, the repetition rate increases with Vgu.
At higher gain section pumping, it first decreases and then increases with Vga (e.g. at
I, = 90mA in Fig. 3.27(d)). For a fixed absorber bias, the f,., values decrease with

increasing gain section current. Such a trend was well described in [97].

Basically, the refractive index change in the absorber, due to the electric-field-induced
index variation, and in the gain section, through the carrier induced effects, alone cannot

account for the complex tuning characteristics of the SMLLs. The electric field applied
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FIGURE 3.27: Repetition frequency (GHz) of ML of the 3-QW material devices for
various SA lengths.

to the absorber section modifies the energy bandgap through the QCSE and shifts the
absorption peaks towards the longer wavelength. This is accompanied by the refractive
index variation, which takes negative values for wavelengths above the exciton absorption
peak [98], i.e. in the spectral region corresponding to mode-locking. Similarly, the
plasma effect (free-carrier absorption) always produces negative refractive index change.
Also, the refractive index change due to the bandfilling effect is negative for the photon
energies near and below the bandgap energy and changes sign to positive only well above

the bandgap energy [77].

As all the phenomena produce a negative refractive index change with increased reverse

voltage and forward biased current, respectively, the repetition frequency should increase
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diagonally, from the bottom left to the top right corner in the plotted maps. However,
the experimental results display a much more complicated relationship between the
repetition frequency and the biasing conditions, which suggests that other processes
governing the pulse repetition rate should be considered. If a device operates close to or
in the ML condition, the saturation of the gain and absorption influences the repetition
frequency by shifting the peak position of the pulse envelopes. Operating conditions of
the laser play an important role in this shift, which varies with the pulse energy and
initial level of saturation (before the pulse arrival). The repetition frequency of a ML

laser can be described with by following expression:

1

[t (3.2)

f rep —
where 6t is the detuning time, defining the change in the round-trip time of the cavity
from the nominal round-trip time, T,,. 6t has an approximated quadratic effect on the

frep around its turning point.
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FIGURE 3.28: Dependence of the repetition frequency on (a) the gain current (Vga=-
2V) and (b) the SA reverse voltage (I,=100mA), measured on the 3 %-SA MLL.

These relationships can be observed in Fig. 3.27 and Fig. 3.28(a) as a function of both
the gain current and absorber voltage. As I, is increased, the pulse energy grows, which
triggers a decrease in the repetition frequency. Due to the limited range of the gain
current applied in the experiment, only the region below the detuning turning point
is visible. A full dependence of f,.., on the detuning parameter can be seen with a
sweep of Vga. The variation in the SA bias not only influences the pulse energy, but
also sets the unsaturated absorption and the recovery time of the absorber. The last
effect is not significant as the recovery time values for Vg4 <-1V are already below the
round trip time [88]. So, it is the level of unsaturated absorption that has the greatest
impact on the repetition frequency detuning. Higher SA voltage reduces pulse energy,

hence, for energies above the detuning turning point (low voltage), an increase in the
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Relative SA length I, Vga | 10dB width
1% 46mA | -2.2V 708 kHz
2% 46mA | -24V | 270kHz
3% 54mA | -24V | 290kHz
4% 58mA | -22V | 291kHz
5% 74mA | -2.7V | 250kHz
6 % 102mA | -3.1V 475 kHz

TABLE 3.1: Minimum 10dB width values registered with 3-QW MLL with various SA
lengths.

bias produces a reduction in fr.p. Above this point (higher SA bias values), a higher
bias voltage results in an increasing fr,. These effects are clearly evident in the graphs
displayed in Fig. 3.27 and Fig. 3.28(Db).

The graphs mapping the 10 dB-width of RF peaks are displayed in Fig. 3.29. The 10 dB-
width very closely reproduce the ML trends presented in the autocorrelation and optical
spectrum parametric maps and vary from 100kHz to 6 MHz throughout the biasing
regions. The most stable pulses deduced from the frequency linewidth measurements
correspond to relatively high SA voltages and to the gain currents located close to the
threshold. Clearly, excessive pumping increases the linewidth of the RF peak. The
regions of narrowest linewidths also expand for longer absorber devices, which agrees
with the observations described in [99]. A summary of the narrowest RF spectra for

various SA lengths is presented in Table 3.1.

Finally, the RF spectra were analysed for their low frequency components. Observation
of the spectra in this frequency range can provide crucial information about the emission
noise and ML stability. The evolution of amplitude and peak frequency of the RF signal
in the 0 — 5 GHz span is presented in Fig. 3.30 and Fig. 3.31. These experimental results
agree with those presented in [90], where an increase in the absorber length triggered
an expansion of the SP region. The low frequency modulations are enhanced by higher
linear losses and higher carrier densities at threshold, with both effects being a direct
consequence of a longer absorber. The regions with weak or no SP correlate well with
the domains of optimum ML deduced from the TAC traces. As the absorber length
increases, the SP tends to dominate the dynamical operation, as shown by the 6 % SA

device, in which a strong, low frequency modulation is visible up to Vg4 = —3.0'V.

The central frequency of the SP peak, fgp, is strongly dependent on the gain section cur-
rent. The observed self-pulsation can be attributed to two different effects: Q-switching
effect, triggered by the saturable absorption, and undamped relaxation oscillations. The

frequency of both phenomena increases with the average intensity, which explains the
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FIGURE 3.29: 10-dB width (MHz)of the fundamental RF peak of the 3-QW material
devices for various SA lengths.

observed dependance of the SP peak on the gain pumping level [100]. Modulation fre-
quencies as low as 200 MHz are observed for Vg4 below the ML regions. Moreover, it
can be seen that the rate of fgp change with the gain current reduces with Lgs. The
biasing point corresponding to the maximum frequency constantly shifts towards higher
values of I; and Vg 4. For instance, the peak frequency of the 2 % SA device is reached at
I,=62mA and Vga=-1.7V, whereas that of the 5% SA device is reached at I;=100mA
and Vga=-2.1V.
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FIGURE 3.30: Amplitude (dBm) of the SP and RF noise peak of the 3—-QW material
devices for various SA lengths.
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material devices for various SA lengths.
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3.3.5 Jitter Measurements

The rms jitter measurements were performed on the 4 % SA device, using the procedures
presented in Section 3.2.6. The parametric map in Fig. 3.32 shows a distribution of the
jitter values across the ML region and demonstrates similar trends to those recorded
in the RF and OS maps. The region with the lowest jitter occurs close to the low-I,
edge and takes a diagonal orientation across the biasing region. Typical values of jitter
measured between 20 kHz and 320 MHz are between 1.2 ps to 2 ps, and reach 6 ps in the
region affected by SP.
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FIGURE 3.32: Parametric map of the rms jitter (ps) measured on the 4% SA 3-QW
device and integrated in the frequency offset range of 20 kHz — 320 MHz.
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FIGURE 3.33: (a) SSB phase noise spectrum at various regions of the ML region and
(b) corresponding integrated rms jitter as a function of the upper integration limit.

Examples of the SSB spectra and integrated jitter, taken in the best ML region (Vga=-
2.3V) and in the SP-affected region (Vg4=-1.6V), are presented in Fig. 3.33. The curve
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corresponding to the lowest value of rms jitter displays a 3 dB roll-off frequency offset at
around 130 kHz, while in case of the SP the roll-off frequency is more than 4 MHz away

from the carrier frequency.

3.3.6 Saturable Absorber Photocurrent

The density of the photo-generated current in the saturable absorber, J.s, measured
with an ammeter connected between the voltage source and the absorber section, is
presented in Fig. 3.34 for the entire biasing regions of all the six devices. A common fea-
ture of the graphs are the characteristic quarter-circular contours concentrated around
the high I, and Vg4 values in the top-right corners. For the shortest absorber device
(Fig. 3.34(a)) equally spaced contour lines can be observed. These become more dis-
torted with longer SA as the SP regions start to dominate the emission on the low
voltage side. It should be noted than for the devices with 2-6 % SA the ML operation

corresponds to practically the same values of J,p,, which range from 8-20kA /cm?.

3.3.7 L-I Characteristics

The output light coupled from a single facet and monitored with a broad area pho-
todetector is plotted in Fig. 3.35. The average power recorded within the ML regions
systematically increases with Lg4, which is due to the fact that longer absorbers satu-
rate at higher optical intensities, hence, the mode-locking region is systematically shifted
towards higher gain pumping regions, and consequently, higher optical power. The 1%
SA device emits pulses with an average power below 2mW, while the ML operation in
the longest absorber device corresponds to power levels as high as 10mW. In order to
better visualise the influence of different SA lengths on the emission levels, several L-1
curves corresponding to various absorber bias levels are presented in Fig. 3.36. For the
2% device, the slope efficiency decreases gradually with absorber bias, from 0.2 mW/mA
at Vg4=0V to 0.07mW/mA at Vg4=-3.0V. As expected, the absorber attenuation is

more distinct with longer SA sections.
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FIGURE 3.34: Photocurrent (kA /cm?)induced in the saturable absorbers of the 3-QW
material devices for various SA lengths.

3.3.8 Pulse Peak Power

The pulse peak power, Pjeq, is estimated at each biasing point on the basis of the
measured optical power and the autocorrelation traces. Only the approximate values
of Ppeqr are presented in this analysis, since the method assumes an ideal sech? pulse
shapes, and does not take any potential pulse deformation or incomplete mode-locking

into account. The peak power is simply calculated with Eq. 3.3:

Prear = 0.88 - Povg/(frep - 7), (3.3)
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FIGURE 3.35: Total power (mW) of a single facet emission from the 3-QW material
devices for various SA lengths. The color scheme varies between the sub-figures.

where Pgyq, fr¢p and 7 are the average power, repetition rate and the FWHM of the
pulse, respectively. The results of this analysis are presented in Fig. 3.37. The regions
of the highest peak power levels are located on the top-right side of the optimum ML
regions. The shortest pulses correspond to relatively low I, usually close to threshold,
and have low energy values. With increasing gain current the pulse energy increases,
however, the stronger pumping also widens the pulses. Hence, the peak power is not
directly related to the pulse energy and it begins to drop over a certain current biasing.
The maximum peak power levels gradually increase with the absorber lengths and vary
from 30mW for the 1% SA to 250 mW for the 6 % SA.
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FIGURE 3.37: Peak power (mW) of the pulses emitted by the 3-QW material devices
for various SA lengths. The color scheme varies between the sub-figures.
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3.3.9 Summary of the 3-QW Devices

The comparative analysis between the 3-QW mode-locked lasers demonstrated the signif-
icance of the SA lengths on their dynamical behaviour. Although it can be problematic
to identify a device with the optimum SA length, the best geometry can be selected by
considering the requirements of the final application. A brief summary of the study is

outlined below:

e The mode-locking biasing regions expand with Lgs. However, the largest region
with pulses producing high-amplitude TAC traces, has been recorded on the 4 %
SA device.

e The maximum achievable amplitude of the intensity autocorrelation systematically

increases with Lga.

e The minimum achievable intensity autocorrelation FWHM values decreases with

Lsa, and reaches 0.7 ps on the 6 % SA device.

e The largest biasing region of coherence—spike—free autocorrelation traces has been
realised on the 4% SA device.

e The largest biasing region with the time-bandwidth product below the value of 1
has been recorded on the 2% SA device.

e The minimum TBP achievable with a device decreases with Lg4 and reaches a
minimum value of 0.5 on the 5% SA device. At the same time, the region with the
lowest TBP values becomes more sensitive to the biasing parameters and shrinks

with Lg4.

e The maximum spectral width of the pulses increases with Lg4 (12nm on the 6 %
SA device).

e The wavelength range region with stable ML expands with Lga.

e The most stable ML in terms of the minimum RF linewidth occurs on the 2-5%
SA devices.

e Regions of self-pulsation expand remarkably with Lg4, forcing the ML operation
towards high I, and Vg4 values. The devices with the largest region of ML and

minimum region of SP are those with the 2-4 % absorbers.

e The average and peak power scale with the absorber length. The maximum average
and peak power values measured within the mode-locking operation of the 6 % SA

device are equal to 10 mW and 250 mW, respectively.
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Therefore, the SMLLs with short absorbers (up to 4 %) should be chosen for applications
requiring stability and pure ML operation, whereas the long-SA devices are appropriate

for the high peak and average power applications.

3.4 Comparison Between the 5-QW and 3-QW Devices

The analysis of the 3-QW devices demonstrated a significant improvement with respect
to the MLLs fabricated on the 5-QW material. In order to illustrate the difference
in performance of the devices fabricated on these two material platforms, the basic
parameters have been summarised in Table 3.2, which presents the minimum values
of TAC FWHM, TBP and jitter as well as the maximum spectral comb modulation
measured on each device. Furthermore, it shows the gain current and SA voltage ranges
corresponding to the ML and SP regimes. The mode-locking and self-pulsation have been
distinguished based on the numerous features recorded during the pulse characterisation.
Mode-locking is usually characterised by a clear intensity autocorrelation trace with
subsequent peaks of similar amplitude, an RF spectrum with the fundamental peak
at least 25dB above the signal floor level and with no evidence modulation in the
low frequency range (below 5 GHz), and a symmetrical, single-lobe optical spectrum,
with a typical FWHM between 4nm and 12nm, and comb modulation depth above
10dB. Self-pulsation, on the other hand, manifests itself in a wide peak dominating the
autocorrelation trace, broad and shallowly modulated optical spectrum, usually blue-
shifted with respect to the mode-locking spectral region, and finally the clear features
on the RF signal occurring typically below 5 GHz. The comparison confirms that the 3-
QW MLLs have a significant advantage over their 5-QW counterparts. They emit optical
pulses that are ~2 times shorter (down to 0.7 ps of IAC FWHM), less affected by chirp
(TBP as low as 0.8) and more stable (rms jitter of 1 ps). The biasing ranges that produce
mode-locking and self-pulsation are clearly distinct in the 3-QW MLLs, especially on
short SAs devices (below 5%). This feature gives pulse trains with no evidence of low-
frequency modulations within a wide range of the biasing conditions. The 5-QW devices,
on the other hand, are affected by SPs that are evident in a large fraction of the ML
region. The presented findings confirm that the material modifications introduced in
the 3-QW system indeed reduced the phase noise and jitter, improved mode-locking
stability and increased the power emitted from the devices. This is due to the reduced
number of QWs and decreased overlap of the optical mode with the cladding layer raised
the level of saturated gain. The material improvements help increase the pulse energy,

reduce the optical losses, and improve the optical resonator quality factor.
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Parameter 5-QW 3-QW

SA:2.2%| SA:3.1%| SA:1% | SA:2% | SA:3% | SA:4% | SA:5% | SA:6%
Min. IAC
FWHM 15 2.4 1.2 0.8 0.8 0.8 0.7 0.7
(ps)
Min. TBP || 1.1 14 0.9 0.8 0.7 0.6 0.5 0.5
Max. spec-
tral comb || 23 20 922 22 922 23 23 23
height (dB)
Min. Tms
jitter (ps) || 4 * — | | |t - |
ML range 46- 65- 80-
I (mA) 60-130 | 60-110 | 40-54 | 45-82 | 50-100 | | - 130"
ML range N N 1.5- 1.5- 1.5- 2.0- 2.0-
Vsa(V) 21-34% | 2633° | 1423 | e e 50 5
SP range | 0100 | 40100 | 38-42 | 40-50 | 45.65 | 40-80 | 60-100 | 50-120
Iy(mA)
SP range || o508 19030 | 1.020 | 1.0-21 | 1.022 | 023 | 028 | 0-3.0
Vsa(V)

TABLE 3.2: Comparison between the vital parameters of the examined SMLLs.

3.5 Chapter Summary

Characterisation of the SMLLs fabricated on two material systems (3-QW and 5-QW)
over a wide range of biasing parameters enabled the accurate map out of the different dy-
namical regimes of the devices, such as mode-locking, self-pulsation and continuous wave
emission. A systematic study of the lasers with various lengths of the SA demonstrated
the importance of careful geometry design for a desired mode—locking performance. The
3-QW MLLs proved superior to the 5-QW devices in terms of the pulse widths, emis-
sion stability and chirp. Pulses producing IAC traces with FWHM as low as 0.7 ps
were measured with the 5% SA laser fabricated with the 3-QW material. If a sech?
pulse intensity profile was assumed, this autocorrelation width would correspond to a
temporal FWHM of 450fs. In order to investigate the actual pulse widths achievable
with the devices, phase-sensitive measurements were performed, and will be presented

in Chapter 6 of this thesis.



Chapter 4

Two-Photon Absorption

Detectors

The TPA detector constitutes a crucial element of the sonogram measurement set-up
and it decides on the type of optical pulses which can be characterised. The following

device features were considered at the detector design stage:

detection sensitivity covering the typical peak power levels of the investigated

SMLLs, which are in the order of a few tens of milliwatts,
e ability to operate with pulse repetition rates of several tens of gigahertz,

e negligible chromatic (material and waveguide) dispersion for optical pulses down
to 500 fs,

e covering the spectral region of 1520-1570 nm, without any significant variation in

the detection sensitivity,
e negligible influence of single-photon absorption (SPA),
e low polarisation sensitivity,

e compact and easy to align.

TPA detectors were demonstrated in several material systems and geometries (see Ta-
ble 4.1). However, these are usually optimised to satisfy only some of the criteria pre-
sented above, as most requirements are contradictory and therefore the device design
requires a trade-off. For instance, the ultra low sensitivity achievable with GaAs PMTs
[101] or InGaAsP laser diodes [102] comes at a price of bulky and expensive set-ups or

multipath operation and polarisation sensitivity. Similar, the enhanced detection ability
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Device Sensitivity Limitations

Silicon waveguide [47] S Relatively long device (1.7cm) and
FP resonances

MQW GaAs laser [89] 0.28 mW? FP resonances

InGaAsP waveguide[48, 104] | 0.08 mW? FP resonances

InGaAsP laser diode [102] 1.5x10~4mw? | L@ resonances and polarisation sen-
sitivity

Si avalanche photodiode [105] | 2mW? extensive SPA

Microcavity structure [106] 9.3x10~* mW? Limited bandw1.d th (high cawty fi-
nesse) and multipath operation

GaAs PMT tube [101] 1.7x10~*mW? Bulky and expensive

TABLE 4.1: Comparison between different approaches for TPA detection around
1.55 pm.

achieved in resonant microcavity structures [103] results in a strong wavelength depen-
dence, both in terms of signal bandwidth and operating wavelength. Also, the multipath
operation increases the dispersion accumulated by the pulses and makes the control of

the spatial overlap between the interacting pulses rather difficult.

In this project, the TPA detection has been based on the approach from [48, 104],
as it provides relatively high sensitivity and high detection bandwidth in a relatively
cheap and compact system. The disadvantage of the FP resonances was eliminated by
designing the structure to operate in a traveling-wave geometry. That would allow us
to obtain relatively high sensitivity and high bandwidth detection in a reasonably cheap

and compact system.

The chapter first introduces the TPA material system, the numerical simulations, and
geometry of the designed waveguides. This is followed by the description of the fabrica-
tion procedures and the details of the main technology processes. The chapter concludes
by presenting and discussing the results of the experimental tests performed with the

fabricated detectors.

4.1 Material Considerations

The wafer structure for the TPA devices was based on a design proposed in [48], with
an InGaAsP waveguide structure grown on a sulphur-doped InP substrate. An epitaxial
structure with a bulk waveguide region was chosen in order to increase the polarisation
insensitivity of the devices [107] compared to a QW system. The QW structure could also
promote undesirable phase modulation mechanisms, such as space phase filling caused

by the sub-picosecond-scale relaxation transitions of the excited carriers within the QWs
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[108]. The designed bandgap energy of the absorption layer was a trade-off between the
requirement for a high TPA coefficient, §2, and a sufficient detuning between the energy
of the bandgap and the photons, in order to minimise SPA. The theoretically predicted
and experimentally confirmed [109] Van Stryland’s scaling rule allows for an assessment

of the spectral dependence of 52 on the material bandgap:

_ K- \/Ep ) F2(2Eph0t/Eg)
N n?. E3 ’

B2 (4.1)

where K=3100 is a constant independent from the material, E,=21¢eV is related to the
Kane momentum parameter and is nearly material independent for a wide variety of
semiconductors [110], Eppe and Eg are the photon and bandgap energies, n~3.4 is the

refractive index of the core, and Fy takes the following form:

x—1)3/2
Fya) = C DT (4.2
x
where x = 2E,,,t/Ey. The calculated dependence of 82 on the energy bandgap ranging
0.8 — 1.46eV (1550 — 850 nm) and for E,p,=1550nm, is displayed in Fig.4.1.

Bandgap wavelength [nm]
1550 1240 1030 885 775

80

601

40t

20f

TPA coefficient [cm/GW]

O.

0.8 1 1.2 1.4 1.6
Bandgap Energy [eV]

FIGURE 4.1: Theoretical prediction of the two photon absorption coefficient depen-
dence on the active material bandgap energy for E,p,+=1550 nm

In order to limit the amount of direct absorption, the material band-edge of 0.9185eV
(1350 nm), i.e. detuned by ~120meV with respect to the measured SMLL emission,
has been selected. According to Fig. 4.1, such a choice of the band-edge value produces
only a 10% drop of B3 compared to its maximum level available close to 1550 nm.
The material composition for the guiding layer is derived with the Vegard’s law for an

Iny_,Ga,As,P;_, lattice matched to InP [111], as presented in Eq. 4.3-4.4:

E,(y) = 1.35 — 0.72y + 0.12y?, (4.3)
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Thick.(A) Material PL(nm) | Dop. | Type Name Conc.(cm™3)
1000 Ing 53Gag.a7As - Zn P Cont. layer 1E+19
500 Ing.53Gag.a7Asg.33P0.67 1100 Zn P Cap layer 1E+418
6000 InP - Zn P P-clad. layer 1.5E417
200 Ing.g5Gag.15A50.33P0.67 1100 Zn D Wet etch stop 1E+4+17
2000 InP - i — InP layer
500 In0.815Gao.185ASO.41P0.59 1150 i - SHC layer
5000 In0.68G3‘0~32ASO.68P0.32 1350 i - Active layer
500 In0_815Gao.1g5ASO‘41P0_59 1150 i - SHC layer
15000 InP - Si N Buffer layer 2.4E17

- InP - Si N Substr. (100) 1.3E18
TABLE 4.2: TPA wafer epistructure
Eg(:E, y) = 1.3540.668z — 1.17y+0.758m2 —|—O.18y2 —0.069my—0.322x2y+0.033:y2. (4.4)

The As composition, y, is used for the calculation of the material bandgap, E,, while the
lattice matching is realised by adjusting the Ga composition with the relation presented
in Eq. 4.4. Solving these two equations for the desired band-edge level gives y=0.68 and
x=0.32, bringing Ing ¢sGag.32As0.68P0.32 as the quaternary compound for the absorption

layer material.

The material refractive index, n=3.43, was calculated with the fitting parameters, Ay,
Ay, and Eq. 4.5, as described in [112]:

L N
Ty = E E 2
1- (EP+E1>2 1- (Ep+E2)2

(4.5)

where E1=2.5048 eV, E2=0.1638¢eV, A;, and As are the fitting parameters calculated
from the PL wavelength, E,:

A1 = 13.3510 — 5.4554E), + 1.23332E§, (4.6)

Az = 0.7140 — 0.3606 E,. (4.7)
The schematic composition of the wafer structure is presented in Fig. 4.2. The ab-
sorption layer thickness is set to 0.5 um and the waveguide structure is completed by
two 50 nm thick intrinsic Ing g15Gag.185A80.41Po.59 separate confinement heterostructure
(SCH) layers, with a PL wavelength of 1150 nm. The p-side has a 0.2 pm thick undoped
InP layer and p-doped layers (0.67 pm thick), terminated with a highly-doped contact
layer (0.1 ym thick). The p-i-n diode is realised for the high built-in electric field, al-
lowing efficient collection of the photogenerated carriers without any external biasing

[48, 104]. Further details on the epistructure can be found in Table 4.2. The wafer
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Cap layer

P-cladding layer

Wet etch stop layer
InP layer
SHG layer

absorption layer

SHG layer

buffer layer
Tum

FI1GURE 4.2: Composition of the wafer structure used for the TPA detectors fabrication

was grown by the EPSRC National Centre for III-V Technologies at the University of
Sheffield.

4.2 Design and Simulations

4.2.1 Waveguide Design

The lateral confinement in the TPA detectors is realised by index guiding through a
ridge waveguide. Such guiding can be achieved with two etching geometries. In shallow
etched structures (An<0.1) the ridge is formed above the core layers in such way that the
optical mode does not interact strongly with the ridge structure, and therefore sidewall
scattering losses are minimal. As a result of the low lateral confinement the optical mode
spreads out. The efficiency of the TPA detection strongly depends on the light intensity
(quadratic dependence), so a strong lateral confinement is desired. By employing deeply
etched structures, where the etching goes through the core layer, the horizontal confine-
ment of the optical mode can be largely improved. Numerical calculations of the deeply
etched structures were performed with the BeamPROP mode solver. The ridge height is
2.47 pm so that the etching reaches into the InP buffer layer, 1 yum below the bottom of
the core layer. Example of the mode profiles (with TM polarisation) calculated in a 1 ym
wide shallow and deep etch waveguides are shown in Fig. 4.3. As expected, a significant
improvement in the mode lateral confinement in the deep etch structure compared to
its shallow etch counterpart can be observed. The waveguide should operate in a single-
mode regime, as multi-mode operation could decrease TPA efficiency (due to lower peak
intensity levels), as well as introduce undesirable measurement errors caused by modal
dispersion. Fig. 4.4(a) presents the effective refractive index, n.s¢, of the simulated
structures as a function of the waveguide ridge widths, calculated for the first three TM

modes. The deeply etched waveguides become single-mode below a width of ~2.5 ym.
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FIGURE 4.3: Modeled TM mode profiles in 1 um wide (a) shallow and (b) deep etched
waveguides.

The range of waveguide widths of 0.8 — 2 um ensures single-mode operation and strong
lateral mode guiding in the core layer. Fig. 4.4(b) plots the n.¢s for the TE and TM
fundamental modes and shows that the lowest polarisation sensitivity can be expected
around the ridge width of 1.4 yum. However, there might be some discrepancies between
the TPA response for the TE and TM polarisations due to the polarisation sensitivity of
the TPA process. In zinc-blende semiconductors the third order susceptibility — hence,
also the TPA — is dependent on the orientation of the polarisation to the crystal axes,
even in a single-beam linearly polarised case. For instance, the anisotropy of the TPA
coefficient between the polarisation orientations (related to the crystal axes) in GaAs

can be as high as 70 % [113].
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FIGURE 4.4: Calculated effective refractive index of deeply etched ridge waveguides as
a function of the ridge width. (a) n.ss for the first three TM modes, (b) n.ss for the
fundamental TE and TM modes.



Chapter 4. Two-Photon Absorption Detectors 97

4.2.2 Device Geometry Design

The devices were designed to operate in a traveling-wave mode by suppressing the FP
cavity oscillations. The single-pass operation minimises the dispersion encountered by a
pulse and allows precise control of the overlap between the cross-correlated pulses. An

overview of the detector’s geometry is sketched in Fig. 4.5.

INPUT SECTION
DETECTION SECTION

OQUTPUT SECTION

FIGURE 4.5: Overview of the TPA detector geometry (not to scale).

The role of the adiabatically tapered input section is to maximise a coupling efficiency
from free-space. A set of devices was fabricated and tested with input waveguide widths
of 2 ym, 4 ym and 6 um, and a straight detection waveguide widths changing from 0.5 ym
to 2 um. Finally, the output section is down-tapered and tilted (10°) to minimise back-
reflection from the output facet. Each section is designed to have its own metal p-contact
with gaps between the adjacent pads of at least 30 um. Only the main section contact
pad is used during the pulse characterisation, while the role of the contact above the
input taper is to enable forward biasing in order to simplify the coupling and alignment
procedures. Reverse biasing the output taper contact increases the optical absorption
and therefore decreases even further the FP oscillations. The individual devices were
fabricated on a single chip and were spaced by 200 um, with additional mechanical
support structures placed between them to protect the waveguide ridges from any lateral

stress.

4.3 Fabrication of the Two-photon Absorption Detectors

4.3.1 Lithography and Etching Processes

All lithography steps were performed with Vistec VB6-UHR-EWF EBL 100 keV electron
beam lithography (EBL) tool, due to its flexibility and high resolution, allowing efficient
fabrication of prototype devices with sub-5 nm resolution [114]. Hydrogen silsesquioxane
(HSQ) spin-on-glass negative tone resist was employed for direct definition of the waveg-

uide etch mask because of its high-resolution (below 10nm), small line edge roughness,
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high sensitivity and high resistance to chemical etching [115]. Upon exposure of HSQ
to high energy radiation, a chain of chemical reactions transforms the silicon hydride
(Si-H) groups bounded to oxygen into siloxane (Si-O-Si) bonds, which are resistant to
aqueous base developers [116]. The exposed patterns are then developed with tetram-
ethylammonium hydroxide (TMAH) diluted with reverse osmosis (RO) water (1:1). The
precise definition of the p-i-n waveguide etch mask is a critical step in the fabrication
process and requires determining the optimum electron-beam (EB) parameters. Hence,
a dose test was performed on a chip with several patterns, each comprising a set of
waveguides of different widths. The exposure dose was gradually increased for each
set from 200 uC/cm? to 1200 uC/cm? and the pattern was subsequently developed and
inspected. Additionally, the proximity error correction (PEC) [82] was used in order ob-
tain the same clear-out dose for all the patterned features. The proximity effect comes
from the secondary electrons backscattered from the substrate, which contribute to the
overall exposure. The extent of this effect is non-uniform across the written pattern and
decreases towards the edges and corners, as the backscattered electrons have a limited
range and these areas are eventually subjected to decaying levels of exposure. In order
to achieve a more uniform distribution of the EB exposure and to avoid underexposed
edges and corners (or overexposed areas) the PEC software adjusts the applied dose by
accounting for the additional exposure of the backscattered electrons. Fig. 4.6(a) and
Fig. 4.6(b) show the comparison between the dose tests performed without and with the
PEC. Both figures present the thicknesses of the developed resists with various widths
of the test waveguides. The results obtained without the correction show that the wider
waveguides - 10 um - are developed at much faster rates than the narrower - 4 um pat-
terns, as a result of more backscattered electrons. The narrowest shapes (0.5 um) were
underexposed even with the highest EB dose used in the non-PEC tests. A consider-
able improvement can be observed in Fig. 4.6(b), as a consequence of the PEC, which
produced consistent exposure levels for all the structures. The dose of 330 uC/cm? was
chosen for the optimum exposure level as it gives the best uniformity of residual resist
thickness throughout the waveguide patterns. Higher doses, shown in the flat part of

the the graph, correspond to an overexposure and produce wider waveguides.

Other EBL steps, such as the definition of the lift-off and contact window masks were
performed with a high resolution positive tone poly(methylmethacrylate) (PMMA) re-
sist. A usual double-layer stack of PMMA produces a uniform coating and undercut
profiles are avoided if a lower sensitivity resist is chosen for the top layer [82]. The most
critical aspect of the fabrication procedure was the waveguide etching. A first set of
etching tests with an ET340 reactive ion etching (RIE) tool using a CH4/H2/O2 gas
mixture revealed inconsistencies in the etching depth between successive runs as well

as extensive surface roughness. The unstable etch rate values of the test samples were
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FIGURE 4.6: HSQ resist thickness after development at various dose exposure levels,
(a) with no proximity correction and (b) with the proximity correction.

caused by the formation of polymeric compounds in the etching tool chamber. Hence,
an alternative technique, a Cly—based etch chemistry, was tested (recipe development
and sample processing was done by the author’s colleague Dr. Rafal Dylewicz). The
inductively-coupled plasma (ICP) process based on a Cly/Ar/Ng gas mixture allows for
deep etchings with high aspect ratios, fast etch rates and anisotropic etch profiles in InP-
related materials [117]. The role of the individual chemistry components are as follows:
Cls is the reactive gas, Ar acts as a sputtering component and N9 passivates the surface
of the treated sample. Before the actual etching process the sample was treated with
O3 plasma to increase the resistance of the HSQ mask. Fig. 4.7(a) and Fig. 4.7(b) show
the scanning-electron microscope (SEM) pictures of the etched waveguide structures,
taken after the ICP etching stage. Although highly vertical side-wall profiles have been
achieved in the waveguides, a residual side-wall roughness is still present. In spite of
this drawback, optical measurements showed that the fabricated waveguides exhibited
low-loss performance and a high TPA coefficient. Hence, the ICP method along with
the Cla/Ar/Ny chemistry was used to fabricate the final TPA detectors.

4.3.2 Fabrication Steps

The fabrication process applied in development of the TPA detectors is based on the
typical procedures and recipes used in the Optoelectronics Research Group at the Uni-
versity of Glasgow to fabricate InP-based semiconductor devices. The process can be be

summarised in six basic stages, as visualised in Fig.4.8.

1. Sample Preparation

The fabrication procedure begins by cleaving a two inch wafer into rectangular
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HV mag LandingEl WD det —— 4um
10.0 kV 16 910 x 10.0 keV 8.8 mm ETD Nova NanoSEM

(a)

HV mag |LandingE| WD  det —2 L1
10.0 kV|32 226 x 10.0 keV 8.8 mm ETD Nova NanoSEM

FIGURE 4.7: SEM pictures of the etched test waveguides. (a) 3um-wide, straight
waveguide and (b) the end of a down-tapered output.

1) Sample preparation
a) Cleaving
b) Cleaning

4) Passivation and
planarisation

a) PECVD silica deposition

b) HSQ planarisation

¢) PECVD silica deposition

5) p-contact lithography

a) Contact window definition
(EBL) and development

b) Silica etching and oxygen
ash

2) Alignment marker
definition

a) E-beam lithography

b) Resist development

b) Oxygen ash ¢) Metal pads definition
¢) Metal deposition (EBL) and development
d) Lift-off d) Deoxidisation
e) p-contact metallisation
3) Waveguide and )
mech. support 6) n-contact preparation
definition a) Thinning
a) E-beam lithography b) n-contact metallisation
b) ICP RIE O RTA

¢) Mask removal

FIGURE 4.8: Visualisation of the main fabrication steps. For better clarity the align-
ment markers are displayed only up to the third stage.
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samples (11x12mm) with edges parallel to the (100) crystallographic plane. Sub-
sequently, the sample is cleaned (inorganic and organic contaminants) in a three-
stage ultrasonic bath of Opticlear, acetone and isopropyl alcohol (IPA), followed
by drying with a nitrogen gun. Next, any residue of the solvents are removed with
an oxygen plasma ash. Finally, the sample is dried with nitrogen and baked on a

hot plate in order to remove water adsorbed on the surface.

The sample cleaning procedures are also implemented between subsequent fabri-
cation steps but are usually limited to a rinse in acetone and IPA. To minimise
the risk of the ridge structures breakage, no ultrasonic treatment is applied after

the waveguide definition stage.

2. Alignment Markers Definition
The entire fabrication process involves more than one lithography step, which
imposes the definition of alignment markers to determine the precise location and
orientation of the desired pattern. Gold markers are the best option as they provide
a positive intensity contrast to the EBL tool and allow for high alignment accuracy.
The procedure begins by spinning two layers of PMMA (methyl isobutyl ketone
(MIBK)-diluted, 15 % and 4 %, respectively). The sample is subsequently exposed
to EB patterning and developed in MIBK. At this stage it is important to check
not only the quality of the developed pattern but also to confirm the accuracy
of its rotational alignment (target alignment error below 0.5°). The Ti/Pt/Au
deposition is followed by a lift-off process in hot acetone to remove the double-layer
PMMA along with the metal stack deposited on the top of it. Finally, the sample

is cleaned in ultrasonic IPA, dried and inspected under the optical microscope.

3. Waveguide and Mechanical Support Definition
The waveguides and the supporting mesa etch masks are defined in a single litho-
graphic step. A single layer of undiluted HSQ resist (FOX-16) is spun on the
sample, which is next baked on a hot plate and exposed to the EB pattering.
Next, the resist is developed, examined under the optical microscope and verified
with a Dektak. The sample is processed with the ICP etch and examined with an
SEM for quality, smoothness, verticality and dimensions of the etched waveguides.

Finally, the resist is removed with HF:H2O acid solution.

4. Passivation and Planarisation
Before the deposition of the metallic contacts on the p and n side of the wafer a
dielectric coating that fully covers the waveguide ridges is deposited on the p-side.
It prevents an electric short between the p and n sides, increases the dielectric
breakdown voltage and decreases the propagation losses by spatially separating

the metallic electrodes from the guided light beam. The use of an extra layer of
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HSQ (“spin-on-glass”) reduces any height non-uniformities and step-like profiles
across the sample. The height of this layer varies across the etched pattern as
it is thinnest above the waveguide and becomes thicker away from it, creating a
smoother surface above the transitions between the ridges and the trenches. This
technique, known as a quasi-planarisation [82], improves the quality and robustness
of the subsequent deposition of metal contacts. The complete process includes the
deposition of 200nm of plasma enhanced chemical vapour deposition (PECVD)
silica as an isolation layer, followed by spinning and baking of a ~450nm thick
layer of HSQ. The final 100 nm thick PECVD silica layer, deposited for improved

adhesion of the p-contact metal, completes the dielectric stack.

5. Preparation of the p-type Contacts

Separate contact windows are defined directly above the component of the TPA
devices with EBL. After resist development and optical microscope inspection of
the mask, the contact windows are etched with a CHF3/Ar chemistry. Next, an
oxygen plasma ash is used to remove resist residues in order to prepare the sample
for a final lithographic step, in which the PMMA lift-off mask for the contact
pads is defined. Before the metal deposition the contact windows are examined,
cleaned with oxygen ash and deoxidised with a HCL:H2O (1:4) etch. The stack
of Ti, Pt and Au [118] is used for the p-type contact. A 30nm thick Ti coating
acts as an adhesion layer because of its high reactivity and oxidisation capability.
A 60nm thick Pt layer is deposited next, in order to prevent the atoms of the
240nm thick top Au layer from diffusing into the semiconductor material. The
metal contacts along with the contact pads and identification marks are shown in
Fig. 4.9(a).

6. Preparation of the n-type Contacts
The sample is first mounted top-side down on a glass slide with a S1818 photo-
resist spun, which protects the previously fabricated structures. Next, it is is
thinned down to ~200 um by mechanical polishing in a 9 um diameter Al,Og col-
loid, cleaned, processed with oxygen ash, and deoxidised. Finally, a standard
n-contact metal stack of Au/Ge/Au/Ni/Au [62, 119] is evaporated and alloyed
by rapid thermal annealing (RTA) at 380°C. The fabrication process is termi-
nated by cleaving the processed chip into individual bars (device facet shown in
Fig. 4.9(b)), which are glued n-side down on brass sub-mounts with conductive
silver epoxy. This arrangement allows for convenient handling of the samples and

stable mounting on the measurement set-ups.
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FIGURE 4.9: SEM pictures of the completed TPA detectors. (a) View of the top side

of the devices with the etched waveguides, p-contact pads, and mechanical trenches.

(b) View on the detector facet with the contact window, passivation and planarisation
layers and metal p-contacts.

4.4 Performance of the Two-photon Absorption Devices

4.4.1 Electrical Properties

Before optical characterisation, the devices underwent preliminary electrical tests. The
value of the resistance of the forward-biased p-n junction was measured to be within 3.5 €2
and 5.0, which agrees well with the resistance of other InP devices of similar geometry
[62, 82]. Also, the resistance between adjacent sections and between different devices
(=4 k) and 40k, respectively) proved to be a sufficient insulation against electrical
cross-coupling. The average value of the dark current at a reverse bias level of -2V

stayed around a negligible value of a few pA.

4.4.2 Propagation Loss Measurements

The transmission losses of the TPA waveguides were characterised around the wavelength
of 1550nm to assess the optical quality of the waveguides. For loss measurements,
the devices comprising of only two sections (i.e. a tapered input and a 2mm long
detection section), and having two cleaved mirrors, were fabricated. The measurement
was performed with the FP resonance technique [120], in which the light emitted from an
external tunable laser is transmitted through the ridge and the loss is deduced from the
contrast ratio of the FP oscillations detected at the waveguide output. The measurement
set-up is shown in Fig. 4.10, in which a commercial wavelength tunable LD source is used
to scan through the spectrum from 1540 nm to 1570 nm. The light is next collimated,
optically chopped, filtered with a PBS and coupled into the waveguide. Finally, the
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output light is detected with a photodiode connected to a lock-in amplifier. The whole
set-up is controlled by a PC with LabVIEW data acquisition software.

Tunable laser source

Collimating  Mechanical  pBs Focusing PD
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M e Q #
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controller Chopper
controller

FIGURE 4.10: Test set-up for the measurements of transmission losses in the TPA
waveguides.

To only measure the contribution of the direct band gap absorption without the influence
of the TPA, the intensity of the emitted light from the tunable laser is kept below
100 uW. A typical transmission spectrum obtained in the loss measurements is shown
in Fig. 4.11. The FP resonances maxima and minima, 1,4, and I,,;,, are related to the

cavity transmission losses, a, mean facet reflectivity, R, and the cavity length, L, via:

Wavelength (nm)

FIGURE 4.11: Transmission spectrum of a 6 um wide waveguide ridge for TE linearly
polarised light. On the right side a zooming of the FP modulation fringes around
1554 nm.

The transmission losses as a function of the wavelength measured on a 6 um wide waveg-
uide for TE and TM input polarisations are shown in Fig. 4.12(a). The graph shows
that the TM-polarised light experienced higher attenuation than the TE state (~30 %),
as expected from the higher confinement of the TE polarized light due to the modal
birefringence caused by different effective indices for the both polarisations and, as a

results, deeper penetration of the TM modal field into the doped layers. The loss figures
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are quite uniform within the measured range and vary between 6.5-8dB/cm and 8.5
10dB/cm for the TE and TM polarisation, respectively, which compares favourably with
the loss values presented in literature for similar InGaAsP /InP structures (>20dB/cm)
[121]. Fig.4.12(b) presents the measured losses vs. the waveguide ridge width. The in-
crease in the transmission losses with decreasing width is well fitted with an exponential
curve and is due to scattering losses and substrate coupling. It should be noted that for
the multimode waveguides (i.e. wider than 2.5 um) the FP technique might be affected
by measurement errors due to the screening effects, caused by the different transverse
modes. This leads to a reduced modulation ratio and therefore to an overestimation of

the losses.
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FIGURE 4.12: (a) Transmission loss spectrum of a 6 pm wide detector measured with
TE and TM polarisation states. (b) Transmission loss dependence on the waveguide
ridge width measured with TE-polarised light.

4.4.3 TPA Response Measurements

A series of experiments have been performed to confirm the suitability of the detectors
for the characterisation of optical pulses emitted by SMLLs. The TPA photo-response
was measured on standard traveling-mode devices, with a 1 mm long detection section.
A 2.5ps-FWHM pulse train produced by a wavelength tunable actively mode-locked
fiber laser (PriTel, Inc.), operating with a repetition frequency of 10 GHz, is coupled
into the waveguide. The photocurrent generated in the detectors is directly measured
with a lock-in amplifier and the power and polarisation of the light coupled into the
detectors are controlled with a tunable optical attenuator and an all-fiber polarisation
controller, as presented in Fig. 4.13. The test pulses are continuously monitored with an
OSA, a Femtochrome autocorrelator and a power meter in order to monitor the pulse

parameters, such as FWHM, average and peak power, and energy.
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FI1GURE 4.13: Test set-up for the measurements of the TPA response of the detecors.

Fig. 4.14 shows a typical photocurrent response of the TPA waveguide detector as a func-
tion of the pulse peak power, taken on a device with a 6 pm wide input and 1 pm wide
detection waveguide. Three regions of operation can be identified in the photo-response
characteristic. For a peak power above the value ~5 mW (pulse energy of 11 {J, detection
sensitivity of 0.6 mW? and current response of 2.8 nA /mW?) the detector exhibits clear
quadratic response, indicating overwhelming TPA influence on the photo-generated car-
riers. A combined response, comprising of linear and quadratic behaviour, persists down
to pulse peak power values ~200 uW (pulse energy of 0.55 fJ and detection sensitivity of
1x1073mW?2). For even lower intensities, only a linear characteristic was recorded. The
inset in Fig. 4.14 displays an interferometric autocorrelation trace taken with a pulse
peak power corresponding to a clear quadratic response of the detector. The autocorre-
lation envelopes ratio of 7.6-to-1 confirms a prevailing presence of the TPA effect in the
photocurrent response. The discrepancy between the measured envelopes ratio and an
ideal 8-to-1 ratio is caused by the residual direct absorption and misalignments in the

autocorrelator set-up.

The dependence of the photocurrent generated in the detection section on the peak power
of the input pulses has been evaluated on a set of devices with various waveguide widths,
for both TE and TM input polarisation states, and with the pulse optical spectrum
centred at 1550nm. The best performance was obtained on devices having the widest
tapered input (6 ym), for which the coupling efficiency is optimised. The measured
minimum pulse peak power producing a clear quadratic response as a function of the
waveguide width is plotted in Fig. 4.15. Devices with a detection section width between
0.8 um and 1.6 um show the highest sensitivity for TM polarisation. This is due to
the trade-off between the guiding capabilities of the rib waveguide structures, as they
weaken with decreasing ridge width, and the maximum local intensities obtained in the
waveguide, which scale down with the increased waveguide dimensions. The sudden loss
in the sensitivity below the width of 0.8 um corresponds to the drop in the effective
refractive index for the fundamental transverse mode, as predicted by the numerical

simulations (Fig. 4.4). The simulations show that waveguide would maintain its guiding
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FIGURE 4.14: Photocurrent vs. pulse peak power response of 1pum wide detector
with TM-polarised light. Inset: the interferometric autocorrelation taken with pulses
corresponding to the quadratic response region of the detectors.

properties for a slightly narrower ridge width with TM-polarised light. That explains
why the detectors exhibit high sensitivity down to 0.7 um for this polarisation state. For
the devices with the ridge width between 0.8 pm and 1.6 ym, the minimum detectable
pulse peak power is in the range of 6 — 13 mW. It should be noted that all the values of
the pulse power levels presented in this work refer to the power before coupling the light
into the TPA input waveguide and do not therefore take the insertion losses or coupling
into account. With typical insertion losses in the range of 6 — 8 dB, the minimum in-
waveguide peak pulse power is well below 1 mW. The minimum polarisation sensitivity

was observed for waveguide widths between 1.0 ym and 1.2 pm.

Finally, the sensitivity (for TE polarisation) of the 1.0 um wide detector was examined
in the wavelength range of 1525 — 1570 nm (inset in Fig. 4.15) by varying the center
wavelength of the pulses emitted from the fiber MLL. The sensitivity, defined as the
minimum peak power producing a clear quadratic photocurrent response, ranges between
5mW and 6 mW, which confirms a wide operating wavelength range of the devices. The
obtained values of sensitivity are improved when compared with that of the TPA shallow
etched waveguide detector fabricated in a similar material structure, and operating in a

non-travelling wave mode, with a pulse peak power sensitivity of 29 mW [48].
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FIGURE 4.15: TPA sensitivity to TE and TM-polarised light as a function of the de-
tection waveguide width for the devices with a 6 ym wide input. Inset: TPA sensitivity
to TE polarised light of a 1 um wide waveguide detector.

4.4.4 Dispersion in the Two-photon Absorption Detectors

The chromatic dispersion encountered by a pulse propagating in the TPA waveguides
imposes a limit to the minimum temporal width of the pulse that can be characterised
without introducing considerable measurement errors. The figure of merit applied for
this analysis is the pulse critical pulsewidth, 7., which is defined as the width for which
a pulse traveling in a dispersive medium of length L broadens by a factor of v/2. As
the fabricated detectors with the ridge widths below 2 um operate in a single-mode
regime, the two main contributions to the overall chromatic dispersion are material and

waveguide dispersions. The critical pulsewidth can be calculated from the GVD with

2
Te = \/ qvp AL (4.10)

w2

the following formula [75]:

where ) is the pulse central wavelength.

The GVD is calculated in a similar manner as presented in Section 2.3.4. The lon-
gitudinal mode spacing is extracted from the FP modulation pattern measured on a

single-mode waveguide section having a length of 2mm and a width of 1.0 ym .

Experimental results presented in Fig. 4.16 indicate that the longitudinal mode separa-

tion has a similar trend for the TE and TM polarisation states. The effective refractive
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FIGURE 4.16: Results of the dispersion measurement in a 2 mm long and 1.0 pm wide

TPA waveguide, performed with the TE and TM input polarisation states. (a) Mea-

sured longitudinal mode separation and calculated (b) effective refractive group index,
(¢) GVD, and (d) critical pulsewidth

group index, n, was calculated with Eq. 2.14 and is shown in Fig. 4.16(b). The overall
effect of the combined waveguide and material dispersions produces a monotonically
decreasing characteristic, crossing the zero dispersion point around the wavelength of
1552 nm and 1557 nm for TE and TM polarisations, respectively. The maximum critical
pulsewidth value obtained within the measured spectral range is equal to 160 fs for both
the TE and TM states, as presented in Fig. 4.16(d). This confirms, that the maximum
dispersion introduced by a single-pass propagation in the TPA waveguides does not in-
troduce substantial dispersion, as the minimum pulse width produced by the SMLLs
is expected to be around 500 fs. Furthermore, the detector employed in the sonogram
set-up introduces even less dispersion, as the waveguide length is shorter than that of

the device used for the GVD characterisation. (i.e. 1.2mm vs. 2mm).
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4.5 Chapter Summary

In this chapter, the design, fabrication and testing of the TPA detectors was described.
The chapter began by analysing the basic requirements imposed on the TPA device
performance by the pulse characteristics to be measured. The chosen geometry was based
on a traveling-wave semiconductor waveguide, fabricated on an InP—based epilayer with
a bandgap of ~1350 nm. The whole fabrication process was also described, along with the
basic characterisation of the devices, such as electrical properties, transmission losses and
TPA sensitivity. The experimental results showed that the fabricated devices are suitable
for the characterisation of the investigated SMLLs within the whole range of emission
spectra, repetition frequencies and power levels. A clear TPA response was registered
with pulse peak power levels as low as 5mW and a combined (linear and quadratic)
response could be detected down to ~200 uW (detection sensitivity of 1x1072 mW?).
The devices were characterised by low linear loss, low polarisation sensitivity and flat
response across the whole spectral region of interest. The traveling-wave operation of
the detectors makes them suitable for high-repetition rate pulses, and also minimises
dispersion which can add distortion to the pulses. The three-section device with a 6 um
wide input taper, a 1 mm long and 1.2 yum wide cavity has been chosen as a potentially
optimum device to be used for the sonogram set-up due to the best trade-off between

low-loss operation, high TPA sensitivity and low sensitivity to input polarisation.



Chapter 5

Sonogram Set—up

In this chapter, the experimental set-up that was developed for sonogram characterisa-
tion of ultrashort optical pulses is discussed. It begins with an overview of the theory
behind the sonogram technique, in order to illustrate how the pulse information is en-
coded within the sonogram trace. Next, the key elements of the experimental set-up
are presented, with particular attention paid to the spectrally tunable component. The
subsequent section focuses on the measurement software and on the pulse retrieval algo-
rithm. Finally, the experimental set-up is verified to be operating properly by performing

measurements on the trial pulses.

5.1 Sonogram Method for Optical Pulse Measurements

The sonogram technique belongs to the spectrography/sonography family of pulse diag-
nostic methods. A sonogram trace is obtained by cross-correlating the spectrally filtered
pulses with a pulse replica on a nonlinear detector. In order to achieve sufficient time
resolution capable of detecting relative delays between the cross-correlated signals, a
detector with an instantaneously responding optical medium has to be implemented. A
full three-dimensional sonogram trace is built by acquiring the cross-correlation char-
acteristics that were measured for successive central frequencies of the spectral filter.
Such a procedure allows for the intensity and phase information of the optical pulses to
be represented in a graphical manner, which can be subsequently processed with image

processing algorithms.

A schematic of the sonogram arrangement developed in this work is presented in Fig. 5.1.
The system is based on a Michelson interferometer geometry, with a variable delay line

in one arm and a tunable band-pass filter (TBPF) in the other. The pulse is first
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FIGURE 5.1: Schematic overview of the sonogram system. The replica of a time-delayed
pulse is cross-correlated with a spectrally filtered pulse in an output detector. For the
time-gating the detector has to be characterised by a quasi-instantaneous response.

processed by a time-stationary filter, i.e. the spectral filter, and next by a time-non-
stationary filter, i.e. the TPA detector. This procedure, being the reverse of that utilised
in the FROG technique, enables the time direction ambiguity to be eliminated, even if
a second-order non-linearity is used. The sonogram trace is hence a time-frequency
representation of the optical pulse and measures the group delay of each frequency

component, i.e. the time of arrival of successive pulse spectral slices.

" sonogram, ST, as presented in Eq. 5.1 assumes a measurement

The concept of “true’
of temporal intensities of the filtered pulse at a range of the bandpass filter central
frequencies, we.

Sp(we,7) = | /_ 7 B)G(w — we)e T dw]?, (5.1)

where I/, GG, 7 and w denote the input spectral field, the filter transfer function, the delay
between pulse replicas and the angular frequency, respectively. In order to accurately
reconstruct the true sonogram, a very high temporal resolution [122] would need to
be used. However, in the experimental sonogram, Sg, a replica of the input pulse,
I, (t), acts as a temporal gate for the spectrally filtered pulse, Ip(t). At the same
time, Ir(t) is the inverse Fourier Transform (FT) of the product of Ir,(w) and G(w),
at a specific centre frequency of the tunable filter. Hence, the product of the cross-

correlations between these two pulses (first integral in Eq. 5.2), taken across the whole
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pulse spectrum, is equivalent to the convolution of the true sonogram, Sr, with the

temporal intensity of the input pulse (last part of Eq. 5.2):

o0

Irp(t—7) - |/_OO E(w)G(w — we)e™ T dwl|?dt,
(5.2)

I1,(t) acts as a d-function inside the time integral, because it refers to a much shorter

SE(wc,T)Z/OO IF(t)'I[n(t—T)dt:/

—00 —

pulse. Under this condition, the final term in Eq. 5.2 can be reduced to that in Eq. 5.1
[123]. Similar to the FROG, the data is stored in a two-dimensional array. This means
that the two complex fields (4 N-long vectors) are extracted from an NxN matrix. The
usual sonogram trace arrays have the dimensions of 16x16, 24x24 or 32x32, so there
is a data redundancy in the measured traces. The retrieval algorithm processing over-
determined traces is more robust and immune to any random or systematic measurement

errors [22].

5.1.1 Tunable Band-pass Element

A band-pass filter is a key element of the sonogram set-up and requires special attention
at the system development stage. There are several approaches that can be used to re-
alise the spectral filtering. The most popular geometry is based on a grating combined
with a lens, a narrow slit, and a retroreflector [124-126]. This approach delivers high flex-
ibility as the filter bandwidth and centre wavelength can be controlled by adjusting the
width and position of the slit. However, it requires a mechanical positioner to precisely
scan the Fourier plane of the lens, which imposes a substantial limitation on practically
achievable data acquisition rates. A significant improvement in the spectral scanning
speed can be obtained with an alternative technique based on a Fabry-Pérot filter [127].
Here, the frequency selection is realised by controlling the distance between two closely
separated mirrors, forming a wavelength-selective etalon. The separation needs to be
controlled within an optical wavelength by stable and accurate piezo-actuators. The
system requires high mechanical stability in order to eliminate any vibrations and main-
tain parallelism between the mirrors. Furthermore, the mirrors’ reflectivity values need

to be carefully chosen in order to obtain the desired filter characteristics.

The alternative approach that has been used in this work is based on a commercially
available acousto-optic (AO) bandpass filter [128]. Electronically controllable opera-
tion of such a filter allows for high-speed and mechanically stable measurements. The
acousto-optic filters (AOF's) usually work in relatively wide wavelength ranges, which
improves the versatility of the sonogram system. This method, however, does not pro-

vide easy tunability of the filter bandwidth (such as the grating-slit arrangement) nor
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allows for controlling the full complex transfer function of the filter (such as the etalon-
based set-up). The former issue can be partly addressed by driving the AOF with a
superposition of two or more signals of different frequencies to broaden the bandwidth.
The latter matter needs to be carefully evaluated in the sonogram measurements, as
the transfer function of the bandpass filter has a direct effect on the sonogram trace.
Preferably, a dispersionless filter should be used, as it simplifies the retrieval procedure
and limits potential errors generated by the pulse retrieval algorithm. In the absence
of such a filter, the complex transfer function of the filter needs to be determined and
the gate signal characteristics generated by the sonogram retrieval algorithm has to be

verified.

The free-space AOF (Gooch & Housego TF1450-500-1-1.5-CV1) with a wavelength tun-
ing range of 1.2-1.75 um and a spectral FWHM ~1.2 nm was chosen for the set-up. The
AO medium of the filter is an anisotropic tellurium dioxide (TeOg), transparent in a wide
spectral range from 0.36 um to 4.5 ym [129]. Preliminary tests were performed in order to
characterise the operation of the filter around the optical wavelength of 1550 nm. First,
the transmission spectra were investigated over a certain range of ultrasound frequencies
with the experimental set-up presented in Fig. 5.2. A tunable laser (Photonetics 3642
HE Tunics Plus) is used as a narrow bandwidth light source from 1500 nm to 1640 nm.
The polarisation of light coupled from the laser is adjusted with a fiber-based polarisa-
tion controller and the diffracted (filtered) beam is measured with a photodetector. The
laser source, the RF driver, and the power meter are externally controlled with a PC

for automatic data acquisition. The filtered beam intensity is measured as the central
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FIGURE 5.2: Experimental set-up for the acousto-optic filter transmission measure-
ments.
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wavelength of the tunable laser is scanned. The experiment was repeated for several
ultrasound frequencies applied to the device. Fig. 5.3(a) presents an example of a trans-
mission spectrum recorded with the driving frequency of 82.7 MHz, a FWHM of 1.26 nm
(149 GHz), and a central wavelength of 1592nm. Despite the high-quality performance
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of the filter, there are two characteristic features which have to be considered when using
the device for sonogram measurements. The first issue is a small side-lobe present on
the long-wavelength side of the main lobe. This is a typical feature of AO devices caused
by the acoustic transducers. However, the transducer of the tested device was designed
to maximise the side-lobe suppression and to produce a Gaussian transmission charac-
teristic. Although a side-lobe suppression of 0.04 (-14dB) was recorded, the presence
of this characteristic has to be taken into account when processing the results from the
sonogram retrieval algorithm. The side-lobe of that filter can produce spurious features
on the sonogram trace, which can be mistakenly attributed to some fluctuations in the
pulse intensity envelope. The second issue evident in Fig. 5.3(b) is a residual dependence
of the spectral bandwidth on the central wavelength of the bandpass filter. This needs
to be addressed in the sonogram measurements, as the retrieval algorithm assumes a
constant transfer function of the spectral gate. However, this problem is of low signifi-
cance in case of relatively narrow bandwidth lasers. The investigated SMLLs emit pulses
with spectral FWHM typically below 10 nm, which corresponds to an average 3-dB filter

bandwidth variation of less than 1 %.
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FIGURE 5.3: (a) Transmission spectrum of the AOF at a frequency of 82.7 MHz. (b)
3-dB bandwidth and driving frequency dependence on the central wavelength of the
transmission spectrum.

The complete characterisation of the filter transfer function also requires the evaluation
of the phase response. The applied measurement method is similar to that presented in
[130], which is based on the group delay (GD) measurement with a phase shift technique.
The experimental set-up is presented in Fig. 5.4. The light coupled from a tunable laser
source is intensity modulated with an RF signal through a Mach-Zender modulator,
driven with an Agilent E8257D signal generator at a repetition rate of 10 GHz. After
the fiber amplifier stage the signal is split by a 10/90 % coupler into the reference and
test paths. The test path contains a polarisation controller, collimating/coupling optics,

and the device under test. The optical signals from the two paths are detected with two
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65 GHz bandwidth photodiodes (Agilent 86116C) and the electrical signal is measured
with a two-channel digital sampling oscilloscope (Agilent DCA-J 86100C).
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Trigger signal

Coupling

A . opti;
Collimating cousto-optic
Pol. contr. o?tics filter

———

GPIB Bus @

LabView Machnder
controller Pol. contr. modulator Fiber coupler ggo,

RF synthesizer with
RF amplifier

FIGURE 5.4: Experimental set-up for the acousto-optic filter group delay measure-
ments.

The phase modulation of the test signal is measured relative to the reference path. If
the investigated device introduces any group delay, A7, this produces a corresponding

shift in the modulation phase, A¢ (in degrees), as presented in Eq. 5.3:

_4¢ 1

where f,,, is the modulation frequency. The central frequency of the laser is scanned
across the transmission region of the filter and the relative group delay between the
two signals is detected. The outcome of the group delay measurements for several fre-
quencies inside the filter pass band is shown in Fig. 5.5(a). Also, a linear characteristic
fitted to the scattered points and the calculated phase profile (i.e. the integrated group
delay characteristic) are plotted in the same graph. The results show a normal disper-
sion introduced by the acoustic crystal, which needs to be considered in the retrieval
algorithm verification process. Example of a full transfer function at a central wave-
length ~1531 nm is plotted in Fig. 5.5(b). Similar group delay characteristics have been
obtained with the filter central wavelength varying between 1520 nm and 1620 nm.

5.1.2 Delay Line

Another crucial element of the sonogram set-up is the delay line. Besides the require-
ment for precise control of the variable delay, it needs to deliver sufficient travel distance
in order to scan the full length of the measured pulse. The spectral filtering in the sono-
gram temporally broadens the pulse, hence, a longer delay scanning range is required
compared to other pulse characterisation techniques, e.g. FROG or intensity autocor-

relation. The most accurate position control, with a resolution down to ~5nm can be
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FIGURE 5.5: (a) Measured group delay inside the transmission band of the filter (red
scattered points) with a fitted linear characteristic and calculated phase profile (blue
curve). (b) Full transfer function of the acousto-optic filter.

obtained with piezoelectric actuators. However, travel ranges of several millimeters are
normally required for picosecond pulses, which are far above typical scanning ranges
of piezoelectric positioners (Melles Griot 17 DRV 001), with a resolution of 50 nm and
a travel distance of 8 mm. In a retro-reflecting geometry this corresponds to a tem-
poral resolution and a delay range of 0.33fs and 53 ps, respectively, which are largely
sufficient for the developed system. The stepper motor is attached to a 6-axis flexure
stage (17 MAX 601/L Nano-Max-HS) and is controlled with a 17 MST 001 modular
driver. The z-, y-, 0,-, 04-, and 0,- axes of the positioning stage are adjustable with the
micrometer actuators. Additionally, the x- and y- axes are controlled with the piezoelec-
tric controllers with feedback (17 MPZ 001). All the modular controllers are installed
in a 17 MMR 001 Main Rack with a CAN interface and internal communication mod-
ules. Such a configuration improves the flexibility of the optical system, simplifies the
alignment procedure, and allows for remote control of the delay line. A low-frequency
loudspeaker was mounted on the second arm of the Michelson interferometer to adjust
the 0-delay position between the two arms in the alignment stage through the DC bias
applied to its coil.

5.1.3 Sonogram Arrangement

The complete sonogram set-up is presented in Fig. 5.6. Light emitted from the MLL
first passes through a fibre circulator in order to minimise any optical feedback from the
measurement set-up. Next, it is optionally amplified by ~8 dB with a low-dispersion
EDFA to compensate for laser-to-fibre and fibre-to-free space coupling losses. A GRIN

lens is then used to collimate the light into the free-space Michelson interferometer, with
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the band-pass filter in one arm, the positioning delay stage in the second one, and the
TPA waveguide detector at the output. The polarisation is adjusted with a fibre-based
polarisation controller and a half-wave plate (HWP) to maximise the efficiency of the
acousto-optic filter. Additionally, the filter modulates the optical signal at a frequency
of 15kHz and feeds the reference signal, LF, to the lock-in amplifier. The whole set-
up is automated using LabView software, which performs the measurement and data
acquisition routine. It communicates with the laser drivers, RF synthesizer, and lock-in
amplifier through the GPIB bus and controls the movable mirror actuator through the
CAN bus.

Nano-max flexure stage

CAN Bus
I Retroreflecting

mirror (RM)
—{(Caser conraters ) hwp  Beam

Collimating iy

" ltt
isolator optics H ! SPI,i RM
— o) > + ! ker
‘ [ EDFA ) 5 -] oudspeake
Pol. contr. :.'

optical path

Coupling
optics RF +LF
signals

photocurrent
=

TPA ¥ RF synthes\;er with LabView
detector __ RFamplifier controller

Lock-in amplifier

® 3/=3 = |
‘ LF signal

GPIB Bus

FIGURE 5.6: Schematic arrangement of the final sonogram set-up.

5.1.4 Dispersive Elements in the Sonogram Set-up

The optical elements in the sonogram set-up may affect the group delay profile of the
measured pulse. It is therefore crucial to identify all the possible sources of dispersion
present between the pulse source and the TPA detector. As there are no physical
elements counteracting an inherent dispersion of the set-up, such as a dispersion-shifted
fibre, these effects need to be analytically compensated for by modifying the phase profile

of the retrieved pulse and recalculating the pulse characteristics.

Although the detector itself can be a source of dispersion, the prevailing material dis-
persion of the TPA detector can be neglected for pulses longer than 160fs, as already

discussed in Section 4.4.4.

The fibre patchcord used to deliver the optical signal from the MLL to the sonogram
system input is a SMF-28 with a total length of ~4m. According to [131], the dispersion
of the fibre, D(\), in the wavelength window of 1200-1600 nm can be approximated by

the following formula:
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D) = —[A =3l (5.4)

where \g = 1310nm and s = 0.092 ps/(nm? - km) are the Zero Dispersion Wavelength
and the Zero Dispersion Slope, respectively. The calculated dispersion characteristic
in the 1500-1600 nm spectral range is presented in Fig. 5.7. It varies between ~15—
~20ps/nm-km, which corresponds to ~60-~80fs/nm in a 4m long patchcord. The
calculated dispersion curve was used in the sonogram processing software to compensate

for the group delay introduced by the optical fibre.
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FIGURE 5.7: Dispersion in a SMF-28 optical fibre in the wavelength range 1500—
1600 nm.

A second component with a potentially significant level of dispersion is the acousto-optic
filter. The group delay profile presented in Fig. 5.5(b), independent of the filter central
wavelength, is already included in the retrieval algorithm. However, in addition to the
phase profile of the transfer function, the material dispersion of the crystal in the AOF
has also to be considered. According to [132], the chromatic dispersion of the TeOy at
1550 nm is approximately -36 ps/nm-km. Even though the filtered beam passes through
the ~6cm long crystal twice, the total dispersion introduced by this element is only

-4fs/nm and can therefore be neglected.

5.1.5 Measurement Software

The flow chart for the LabView software routine used for the measurement control and
data acquisition is presented in Fig. 5.8. The routine starts by processing the measure-
ment parameters applied to the experiment, e.g. sonogram grid size and wavelength

step. Subsequently, the frequency values for driving the acousto-optic band pass filter
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are calculated, and the corresponding delay steps and stage position points are deter-
mined. In order to sample the pulse with uniform steps in the time and frequency

domain, the delay steps are computed with the following formula:
At = —— (5.5)

where At, Af and N are the delay step, frequency step, and the grid size, respectively.
After moving the delay line to the initial position the measurement process begins. The
N x N sonogram trace is constructed by scanning the central wavelength of the spectral
filter across the wavelength range at each position of the delay line. Afterwards, the
trace is examined in order to verify the absence of any data truncation. If necessary,
the scan parameters, e.g. the centre wavelength, grid size or stage initial position are
adjusted and the measurement process is repeated. Finally, the sonogram trace is saved

to a file for post-processing with the sonogram retrieval algorithm software.

5.2 Retrieval Algorithm

The major breakthrough in spectrography and sonography was the application of image
processing methods to calculate the pulse field functions from the spectrogram and
sonogram traces [30]. It can be shown that the spectrogram (or sonogram) should be
represented by a rank 1 matrix (single non-zero eigenvalue) [133], which allows for an
efficient singular value decomposition (SVD) method to be used to generate the pulse
and gate fields in the iterative retrieval process. The inversion routine developed for the
FROG and called the principal components generalised projections alghorithm (PCGPA)
[134, 135] can also be adapted for retrieval of the sonogram traces [135]. Usually, the
reconstructed traces are unique, so the method is free of any ambiguities. The sequence
of time and frequency filtering in the sonogram technique is reversed with respect to
the processing sequence of the FROG. As a consequence, the trace processing in the
retrieval algorithm is performed on the frequency domain signal rather than on the time-
domain characteristics. This provides an additional advantage as the spectral intensity
of an investigated pulse, F(w), can be experimentally verified on an OSA and used as a

measurement constraint in case of a problematic algorithm convergence.

A schematic of the tasks used to process the sonogram traces is plotted in Fig. 5.9. It
begins with an optional Fourier filtering in order to remove any high frequency noise
[127]. Next, the background signal originating from the individual contributions of the
filtered optical pulses to the TPA photocurrent is removed, by subtracting the signal
measured at large temporal delay from the experimental trace. If the experimental

delay/frequency steps do not strictly follow the condition of Eq. 5.5, the sonogram
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trace is resampled by zero-padding the measured trace in a particular dimension and
interpolating it at the correct delay-frequency points. The resampled sonogram trace is
subsequently processed with a retrieval algorithm, which produces complex pulse and
gate functions. After modifying the pulse group delay for the system dispersion, the
temporal characteristics are recalculated and the second-order intensity autocorrelation
function is evaluated. Finally, all the retrieved traces (i.e. the transfer function of
the gate, the autocorrelation trace and the optical spectrum) are compared with the
experimentally measured characteristics. An essential part of the sonogram processing
software is the retrieval algorithm based on the PCGPA (Fig. 5.10). The algorithm is
initially fed by trial guess functions for the pulse and gate. As the gate transfer function
has been experimentally measured, it can be used as the initial trial input signal. The
trial complex pulse is normally constructed with a sech? envelope and a constant phase
profile. Next, the initial sonogram field and intensity are calculated with the procedure
presented in Fig. 5.11. The sonogram intensity is normalised and compared with the
experimental results by calculating the initial error. The subsequent iterative process
minimises the error by modifying the filter and gate functions, so that the calculated
sonogram converges to the experimental one. The procedure includes the replacement
of the calculated sonogram intensity with the experimental trace while leaving the phase
information unmodified, followed by the pulse and gate extraction (Fig. 5.11). To avoid
the convergence to a wrong solution, additional constraints, such as the comparison with
the experimental pulse spectrum, can be added to the algorithm. A new sonogram is
next evaluated, normalised, and again compared with the measured trace. The iterative
process continues until the maximum number of loops or a minimum value of error is

reached. All the symbols used in the routines diagram have been defined in Fig. 5.12.
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FIGURE 5.8: Routine for the sonogram data acquisition software.
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FIGURE 5.9: Routines for the sonogram data processing software.
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FIGURE 5.11: Routines for the sonogram calculation from the pulse and gate vectors

and the sonogram inversion for the pulse and gate extraction.
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Symbol | Description

F Experimental sonogram matrix (real)

P:, Gy Trial solutions (complex vectors) for the pulse and gate
function, used to initiate the algorithm routine ; input for the
sonogram calculation routine

Fo Experimental, normalised sonogram intensity matrix (real)

F.. E. Sonogram calculation products: intensity (real) and field
(complex) matrices

E. Sonogram field matrix (complex) with the intensity replaced
with F

E. E. with NaN’s replaced with 0’s; input for the pulse and gate
extraction routine

Pi. Gy | PCGPA-extracted pulse and gate vectors (complex)

Pi,” Gi' | P, G with the measurement constraints applied (complex)

F. E; Retrieved sonogram intensity (real) and sonogram field
(complex) matrices

FIGURE 5.12: Definitions of the sonogram symbols presented in the sonogram routine

diagrams.
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5.3 Verification of the Sonogram Set-up Operation

5.3.1 Set-up and Methodology of the Measurements

Before applying the developed sonogram system to the MLLs pulse characterisation, the
set-up and the retrieval algorithm were evaluated with the reference pulses of known
amplitude and phase profiles. The test set-up is presented in Fig. 5.13, in which an ul-
trafast fiber-based actively-MLL (PriTel, Inc) emitting transform-limited pulses around
1550 nm at a repetition rate of 10 GHz is used as a pulse source. In order to expand
the range of trial pulses available for the experiment, the output pulses from the fiber
laser are further transformed with a fiber based optical pulse compressor. The level of
compression is controlled with the pump current applied to the EDFA amplifier, which
precede the pulse compressor. The Er-doped optical amplifier from PriTel is dispersion—
free and therefore does not affect the pulse shape within the whole range of available
pumping current. The pulses from the compressor are transmitted through a long sec-
tion of optical fiber (404 m-long SMF-28), in order to introduce a controlled amount of
anomalous dispersion, which could then be verified with the sonogram system. Propaga-
tion of pulses in a material with anomalous dispersion leads to lower group velocity of the

longer-wavelength components, hence it introduces a negative chirp. The test pulses are

Fiber mode-locked laser EDFA Pulse compressor SMF-28
B i | o mmm “TA
LA 1 ZAVAN
Optical e Opt. switch
spectrum !f
analyser (2 ee o EE——

Autocorrelator .—

Sonogram
set-up

FI1GURE 5.13: Test set-up for verification of the sonogram functionality.

first characterised with the SHG intensity autocorrelation and the OSA. Next, the sono-
gram measurements are performed and the retrieval algorithm is applied to the obtained
traces. Various levels of pulse compression are applied to produce pulses with different
spectral widths, temporal durations, and phase distortions. Fig. 5.14(a)-5.14(b) present
the SHG intensity autocorrelation profiles of the initial pulse (i.e. before amplification
and compression), along with the pulses transmitted through the fiber compressor for
different values of the EDFA pump current (Igzpra) levels. The pump current and the
autocorrelation FWHM values corresponding to each pulse are also displayed in the

graphs.
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FIGURE 5.14: (a,b) Intensity autocorrelation traces and (c,d) normalised optical spec-
tra of the uncompressed and compressed pulses.

The uncompressed pulse emitted from the fibre mode-locked laser (FMLL) produces
an autocorrelation envelope with a FWHM of 2.66 ps. The pulse compression produces
effective results only when the EDFA pumping exceeds 400 mA. Otherwise, pulse tem-
poral spreading is evident, such as the case at Ippr4=300mA, in which the pulse width
increases to 4.24 ps. For high amplification levels, the pulses are only compressed until a
certain pumping limit. Fig. 5.14(b) demonstrates that too high a pulse intensity again
leads to pulse expansion, which is evident from Igpr4=650 mA upwards. These results

are consistent with the corresponding optical spectra, plotted in Fig. 5.14(c)-5.14(d)

The best pulse compression is obtained for an EDFA pump current of 600 mA, that
leads to the reduction in spectral FWHM from the initial 1.25nm to 0.93nm. As the
initial pulse is transform-limited, any optical spectral shrinkage inevitably leads to a
temporal expansion. Stronger compression induces spectral broadening, however, the
spectra become irregular due to the nonlinearities introduced by the compressor fiber.
Above a pump current of 650 mA the spectral width drastically decreases, again leading

to temporal broadening of the trial pulses.

5.3.2 Sonogram Characterisation of the Test Pulses

The complex pulses produced with the pulse compressor were subsequently examined

with the sonogram system. After applying the retrieval algorithm to the sonogram traces
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and correcting for the dispersion in the fibre optic patch cords, the obtained spectra and
autocorrelation traces were compared with previously measured characteristics. The
examples of the experimental sonograms of Fig. 5.15 show the pulse profile evolution
with increasing EDFA amplification level. The retrieved temporal pulse profiles are

shown in Fig. 5.16
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FIGURE 5.15: Sonogram traces of (a) the initial pulse and the pulses compressed at
the EDFA pump current of (b) 550 mA, (c) 600 mA and (d) 800 mA.

The regular sonogram shape of the uncompressed pulse becomes more elaborate at higher
EDFA pumping levels. At Igpra=550mA the temporal compression is evident, with
an indication of a chirp in the form of a slight tilt of the entire trace. With a stronger
compression (600 mA) the sonogram trace develops an additional spectral component,
which does not influence the smooth profile of the temporal pulse shape (Fig. 5.16(c)).
Due to strong self-phase modulation (SPM) in the compressor fibre evident at the highest
amplification levels, e.g. at [rkppa=800mA the sonogram trace exhibits three wide and
almost independent spectral constituents, which produce a broad and strongly chirped
pulse (Fig. 5.16(d)). Apart from the width of the main temporal peak at Ippr4=800 mA
being larger than at Ippra=600mA, the extra spectral components also contribute to

the pulse temporal profile in the form of significant substructures.
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FIGURE 5.16: Retrieved temporal intensity and phase profiles of (a) the uncompressed
pulse and the pulses compressed at an EDFA pump current of (b) 550 mA, (¢) 600 mA
and (d) 800 mA.

The spectral characteristics produced by the retrieval algorithm were in good agreement
with the OSA-measured spectra. Also, the autocorrelation traces calculated from the
pulse temporal intensities agreed with the SHG autocorrelation measurements. Example
of comparison between the measured and retrieved (calculated) envelopes is presented
in Fig. 5.17

In the last part of the experiment the demonstrated pulses are in turn coupled into an
SMF-28 fibre. A 404 m—long non-dispersion-shifted single-mode fibre introduces disper-
sion of around 7 ps\nm-km at a wavelength of 1555 nm, so that a considerable increase
in the temporal widths is expected. Similar to the previous tests, the fiber output is

simultaneously coupled to the OSA, SHG autocorrelator and sonogram set-up.

The SHG intensity autocorrelation traces demonstrate a temporal spreading of the op-
tical pulses in the dispersive fibre, as plotted in Fig. 5.19. Also, temporal overlapping
between successive peaks in the pulse train caused by their excessive expansion was ob-

served for compressed pulses with Igpr4 exceeding 500 mA. Hence, this current level was
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FIGURE 5.17: Comparison of the measured and retrieved (a) second order inten-
sity autocorrelation envelope and (b) the optical spectra of the pulse amplified at
Igpra=550mA and transmitted through a pulse compressor.
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FIGURE 5.18: Normalised optical spectral characteristics of the (a) uncompressed and
(b) compressed pulses at the input and output of the 400 m long fiber.
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FIGURE 5.19: Normalised intensity autocorrelation characteristics of various pulses
compressed and subsequently transmitted through a 400 m long section of dispersive
fiber.

set as a maximum limit for the sonogram measurements with the fibre. The examples
of the obtained sonogram traces along with the corresponding TAC profiles are shown in
Fig. 5.20. The figure also shows a good agreement between the algorithm-retrieved and

experimentally measured TAC characteristics.

The most crucial feature of the measured pulses is the phase profile shaped by the

introduction of anomalous dispersion. The temporal phase profiles corresponding to the
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FIGURE 5.20: Sonogram and autocorrelation traces of the pulses compressed at [gpra
equal to (a), (¢) 400mA and (b), (d) 550 mA and transmitted through a section of a
dispersive fibre.

expected red-chirped pulses are shown in Fig. 5.21, along with the retrieved group delay
profiles. They clearly show an almost linear chirp along the pulse spectrum, with a slope
of 6.5ps/nm, which agrees well with the expected dispersion introduced by the fibre.
An inconsistency of 0.5 ps/nm from the expected figure of 7 ps/nm could be caused by

SPM compensating for the anomalous dispersion.

5.3.3 Limitations of the Sonogram Set-up

The measurements performed with the trial pulses highlight some limitations of the
sonogram set-up. In the examples presented so far, all the characteristics were obtained
with the unrestricted algorithm, resulting in very satisfactory outcomes, as detailed in
the previous section. However, while processing the data of pulses with spectral FWHM
~1nm, serious inconsistency between the calculated and measured characteristics was
encountered. Even though the algorithm was generating a proper profile for the filter
transfer function, the retrieved pulses were much shorter and spectrally wider than those

measured with the spectrum analyser and the autocorrelator. This case is illustrated in
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(b), (d) 550 mA and transmitted through a section of a dispersive fibre.

Fig. 5.22, presenting a time-domain comparison between the calculated and measured
narrow-bandwidth pulses. The retrieval algorithm is very accurate when characterising
pulses spectrally broader than the bandwidth of the tunable filter. If the pulse spec-
trum approaches filter bandwidth, the retrieval algorithm may need some additional

restrictions or the tunable filter may need some modifications.

Hence, in order to properly characterise such pulses, the existing set-up would need to
be modified by substituting the existing band-pass filter with another, sub-nanometer
pass-band filter. According to the theoretical investigations presented in [135], the in-
stalled filter should allow for precise measurements of pulses with spectral FWHM values
between 2.4nm and 12nm, which is 2-10 times larger than the filter bandwidth. Too
wide a bandwidth would cause insufficient temporal spread of the filtered pulse, and
the unfiltered pulse will not act as a temporal gate. On the other hand, too wide a
bandwidth would result in excessive broadening of the filtered pulse. Nonetheless, the
range of spectral widths covered by the installed filter fully covers the scope of the SMLL

pulses which are investigated in this project, as the typical spectral widths of these pulses
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FIGURE 5.22: Autocorrelation traces of the pulses with FWHM below 1nm. (a) The
pulse compressed at Ippra=300mA. (b) The same pulse transmitted through a section
of a dispersive fibre.

vary between 3nm and 10 nm (see Chapter 3). Hence, neither set-up modifications nor

retrieval algorithm restrictions are necessary for the characterisation the of SMLLs.

5.4 Chapter Summary

This chapter presented the development of the sonogram system for the characterisa-
tion of ultrashort optical pulses. The sonogram technique was briefly described and an
overview of the implemented set-up was given. The main components of the system,
i.e. the tunable filter and the delay line were examined with respect to their applicabil-
ity to pulses emitted with the semiconductor mode-locked lasers. Also, the dispersion
introduced by the various elements of the sonogram set-up was analysed, so that it
could be incorporated in the retrieval algorithm in order to extract the correct intensity
and phase profiles of the pulses. Next, the measurement routine and data processing
software were presented, and finally, the experimental system and the algorithm were
verified with a wide scope of trial optical pulses. The tests revealed some limitations of
the system, arising mainly from a too large bandwidth of the tunable band pass filter.
However, these restrictions do not apply to pulses emitted from the SMLLs, which have
relatively wide optical spectra. Hence, the sonogram set-up can be employed to further

investigate the mode-locking devices introduced in Chapter 3.



Chapter 6

Sonogram Characterisation of
Optical Pulses from
Semiconductor Mode-Locked

Lasers

The study of the semiconductor mode-locked lasers presented in Chapter 3 indicated
a significant impact of the devices’ geometry, material and biasing conditions on the
emission dynamics and pulse formation. This chapter provides a further insight into the
ML operation, by extracting the phase profile of the optical pulses through sonogram
measurements. Devices fabricated in both material systems are investigated and com-
pared in terms of their group delay profiles and temporal intensity characteristics of the

emitted pulses.

6.1 Measurement and Analysis Methodology

The 5-QW MLL with the 2.2 % absorber was selected for the sonogram evaluation, as
it demonstrates stable mode-locking in a wider range of the operating conditions and
shorter pulses than the 3.1 % SA device. For the analysis of the 3-QW MLLs, the sono-
gram measurements were performed on the lasers with the SA ranging between 2 % and
5%, because these devices are characterised by large ML regions with a limited impact
of SP. As discussed in the previous chapter, the sonogram traces allow to extract the
GD profiles, which are direct indicators of the accumulated chirp, as well as the ex-

act temporal profile of the pulses. These data will complement the characterisation of
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Chapter 3 and will provide deeper understanding of the dynamical operation of SM-
LLs. The integrity of the sonogram measurements were verified by comparison between
the optical spectra and intensity autocorrelation traces calculated from the sonogram
algorithm outcome and the experimentally obtained results. An example of excellent
consistency between the experimentally measured and sonogram-retrieved traces is dis-

played in Fig. 6.1.
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FIGURE 6.1: Example of the (a) experimental sonogram trace after the background

removal, (b) retrieved time-domain pulse intensity and phase profiles, and comparisons

between the experimental and sonogram-retrieved (c) autocorrelation and (d) optical

spectrum traces. The measurement has been performed on the 2 %-SA device at Vg =-
2.4V and I;,=52mA.

However, the analysis of the sonographic measurements with the biasing correspond-
ing to incomplete mode-locking or the mode-locking affected by self-pulsation revealed
some discrepancies between the retrieved and experimentally measured optical spectral
and intensity autocorrelation traces. An example of a disagreement between the pulse
characteristics is presented in Fig. 6.2. The parametric maps presented in Chapter 3

indicate that at these laser driving conditions the device operates on the boundary of
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ML and SP. Self-pulsations manifest themselves in the low intensity lobe present in the
short-wavelength end of the optical spectrum in Fig. 6.2(d). The low-repetition rate pul-
sation corrupts both the experimental and sonogram-based autocorrelation traces. In
the former case, it modulates the intensity autocorrelation peaks, and usually broadens
the measured trace. In the latter case, the blue-shifted spectral components are usually
not taken into account, as the frequency-domain sweep only scans the main lobe, hence,
any broadening effects due to self-pulsation are not taken into account and the retrieved
pulse produces narrower autocorrelation trace, as shown in Fig. 6.2(c). Similar discrep-
ancies may occur in the case of incomplete mode-locking, as the sonogram algorithm

assumes an ideal, noise-free optical pulse train.
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FIGURE 6.2: Example of the (a) experimental sonogram trace after the background

removal, (b) retrieved time-domain pulse intensity and phase profiles, and comparisons

between the experimental and sonogram-retrieved (c) autocorrelation and (d) optical

spectrum traces. The measurement has been performed on the 2 %-SA device at Vgs=-
1.8V and I;=60mA.

The 5-QW devices show that major changes in the ML operation occur for the gain

section current variations. Hence, the sonogram traces were taken along the I, axis, at
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several fixed values of Vga. A stronger influence of the absorber biasing is apparent
with on the 3-QW MLs, because regions of ML are usually characterised by constant
values of the photocurrent in the absorber and tend to evolve diagonally on the I,/Vga
maps. Therefore, the biasing points for the sonogram measurements were selected to
selected at constant levels of Ig4. Fig. 6.3 and Fig. 6.9 display the IAC FWHM maps, as
presented in Chapter 3, with the additional lines indicating the biasing ranges applied

in the sonographic pulse characterisation.

6.2 5-QW Material Devices

6.2.1 Group Delay Characteristics
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FIGURE 6.3: Sonogram measurement ranges — 5-QW MLL.

Examples of the group delay profiles measured on the 5-QW MLL are plotted in Fig. 6.4—
6.5. The value of 0 ps in each characteristic is taken at the pulse central wavelength. To
avoid noise and low intensity measurement errors, the GD characteristics are presented
only for those wavelength ranges in which the spectral intensities are less than 10dB
below the amplitude peaks. Besides the two profiles measured at the low Vg4 mode-
locking boundary (Fig. 6.4(a)), all the presented characteristics show a general trend of
positive (blue) chirp. The extent of accumulated chirp varies significantly with the gain
section current. The influence of 1, is evident especially at relatively low levels of the
absorber biasing, i.e. for Vg4 <-2.6V (Fig. 6.4(a)-6.4(d)). With higher voltage biasing
the GD profiles appear to stabilise and become less affected by the gain current. The
largest group delay variation within the pulse spectrum (over 5ps) was measured at
I,=100mA, Vg4=-2.4V (Fig.6.4(b)), which corresponds to the boundary between the
mode-locking and self-pulsation dynamics (see Fig. 6.3). Pulses least affected by chirp
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are emitted at Vg4 = 2.6,V close to the lowest gain current (65mA) and in the current
range of I;=110-120mA (Fig. 6.4(c)-6.4(d)).
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FIGURE 6.4: Group delay of the pulses taken at constant SA voltage bias for a 5-
QW device with: (a) Vga=-2.2V and (b) Vga=-24V (c, d) Vga=-2.6V, and (e, f)
Vga=-2.8V.

Examples of the group delay characteristics presenting at constant I; and the varying

absorber biasing are plotted in Fig. 6.6. At I,=100mA the profiles mostly overlap in

the blue spectra part, and diverge slightly on the long-wavelength side (i.e. amount of
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chirp increases with Vga). The only exception is the already mentioned group profile
measured close to the SP region (Vga=-2.4V). A more evident influence of the SA

biasing conditions appears at I;=120mA, where the slope of the GD characteristics
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increases significantly between Vga=-2.2V and Vg4=-2.4V, becomes almost flat at

Vsa=-2.6 V, and increases again for Vg4 <=-2.6V.
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To provide a better overview of the group delay profiles within the ML region, the
coefficients of second degree polynomials fitted to all the retrieved characteristics are
presented in Fig. 6.7. The linear coefficients (Fig. 6.7(a)) are dominated by negative
values (meaning positive chirp), with an average magnitude that increases with Vgg.
Besides the two regions of low linear chirp (indicated with yellow and orange markers)
the typical values range from -0.2 ps/nm to -0.5 ps/nm. The highest chirps are measured
on pulses affected by self-pulsation, e.g. at Vgs4=-2.6 V, I;=75-90mA, as well as on the
top right boundary of the ML region. The positive values measured at Vgq=-2.2V
(0.2 ps/nm) are caused by a highly nonlinear group delay characteristics (Fig. 6.4(a)).
This is confirmed by the quadratic components of the GD profiles, plotted in Fig. 6.7(b).
Besides this biasing point, another two regions are affected by quadratic chirp: pulses
influenced by SP demonstrate positive quadratic chirp, and the pulses in the high—Igs

and high—V g4 region have significant negative quadratic components.
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FIGURE 6.7: (a) Linear (ps/nm) and (b) quadratic (ps/nm?) group delay profile coef-
ficients, and (c) temporal FWHM (ps) values measured on the 2.2 % SA 5-QW MLL.
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6.2.2 Temporal Intensity Profiles

In order to visualise the dynamics governing the pulse formation in the laser cavity at
various biasing conditions, a parametric map displaying the temporal widths (FWHMp)
of the optical pulses is plotted in Fig. 6.7(c). The general tendency for the pulse width
evolution follows the trend presented in Fig. 3.7(a), which plots the intensity auto-
correlation widths values (FWHM;/ 1) measured on the device. The shortest pulses
are emitted near the low I, ML boundary (~1.1ps) and in the central part of that
region (e.g. ~0.95ps at Vgq=-2.6 — -2.8V, I;=110mA and I,=140mA). The widest
pulses are measured close to the boundary between ML and SP (e.g. 3.56 ps at Vg4=-
2.6V, I,=75mA). The FWHM values presented in Chapter 3 (Fig. 3.7) only depict
non-deconvolved values of the TAC width. The actual temporal pulse width estimation
based solely on these measurements would require an assumption on the pulse shape.
Therefore, it would be encumbered with errors, as both the pulse shape and the struc-
ture evolve with the biasing conditions. To illustrate this point, a few examples of the
sonogram-retrieved pulse temporal profiles are plotted in Fig. 6.8, along with the second
order IAC characteristics, calculated from the pulse temporal traces. It clearly appears
that most of the demonstrated pulses exhibit temporal asymmetry, with steeper trailing
edge, and a low-intensity pedestal affecting the leading edge (e.g. Fig. 6.8(a)—6.8(c).
The pulses become even more complex close to the SP region (Fig. 6.8(f)). Depending
on the extent and amplitude of the pulse perturbations, the deconvolution factor (de-
fined as the ratio between the FWHM values of the calculated autocorrelation trace,
FWHM/4c, and retrieved pulse, FWHMp) takes values between 1.22 and 2.14. Such
a complex pulse substructure in the pulse profile is impossible to identify in a simple
TAC measurement, as the autocorrelation produces smoothly shaped characteristic. The
low-intensity pulse instabilities, though, can be diagnosed even with the IAC traces, as
the trace demonstrates a pedestal with a coherence spike (e.g. Fig. 6.8(a)). This ensem-
ble of traces confirms the complexity of the pulse formation processes occurring in laser

cavity, which vary dynamically with the biasing conditions.
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6.3 3-QW Material Devices

6.3.1 Group Delay Characteristics

The sonogram measurements were performed on the 2-5% SA devices within their
mode-locking regions (Fig. 6.9). The characteristics plotted in Fig. 6.10 are examples of
group delay profiles measured on the devices with different Lg4, at constant level of the
gain current, absorber voltage and saturable absorber photocurrent. All the presented
characteristics are dominated by positive chirp, with an average GD. However, depend-
ing on the laser geometry and on the biasing conditions the chirp profiles vary quite
substantially. For instance, the characteristics in Fig. 6.10(c) display little differences
between the chirp measured on the 4% SA device at Vg4=-2.4V. On the other hand,
the gain section current applied to the 2% MLL at Vga=-1.6 V significantly modifies
the pulse chirp characteristics (Fig. 6.10(d)). Also, the GD profiles taken at constant
Is 4 values vary differently between Fig. 6.10(e) and Fig. 6.10(f).
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FIGURE 6.10: Group delay profiles of pulses measured on 3-QW MLLs for constant
values of (a, b) gain current, (c, d) SA reverse voltage, and (e, f) absorber photocurrent.
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The linear and quadratic coefficients of the polynomials fitted to the GD characteristics
are shown in Fig. 6.11 — 6.12. The contour lines present in the plots indicate the regions
of optimum ML and are based on the results presented in Chapter 3. It clearly appears
that all the measured pulses are affected by positive chirp and the general trend for the
linear component is similar on all the devices. The highest values are concentrated at
the top right side of the ML regions, with values approaching -0.2 ps/nm. The linear
chirp distribution covers a wider range with increasing absorber length. Also, the range
of amplitudes of the linear coefficient scales with Lg4. Pulses with the flattest GD pro-
files are emitted by the 4% SA MLL, at the low I, ML boundary, e.g. at I;=75mA,
Vs4=-3.0V. On devices with Lg4=2-3 % the quadratic components in the ML regions
limited are negligible, ranging from -0.8x1072 ps/nm? to 0.3x10~2 ps/nm?. The extent
of the quadratic chirp intensifies with increasing Lga, reaching 2.5x1072 ps/nm? and
-2.8x1072 ps/nm? at the boundaries for the ML regions of the 4% and 5% SA devices.
Hence, it appears that the short saturable absorber devices are suitable for applications
requiring negligible amount of nonlinear chirp to be present in the optical pulses. Such
chirp is simple to be compensated for, if transform-limited pulses have to be obtained.
On the other hand, if pulses with low linear chirp are preferred and the nonlinear con-

tribution to the chirp can be accepted, the longer SA devices are more favourable.

6.3.2 Temporal Intensity Profiles

The distribution of the pulse temporal FWHM values is plotted in Fig. 6.13. It is
apparent from this figure that the average pulse width within the ML regions does not

vary substantially as a function of Lg4.

On the 2% SA the uniform region with the shortest pulses is concentrated within the
boundaries of I;=40 — 60 mA and Vgsa=-1.6 — -2.4 V. Examples of pulses from this bias-
ing region, along with calculated second order intensity autocorrelation characteristics,
are presented in Fig. 6.14. The pulses at I,=48 mA are characterised by smooth and
symmetric pulse profile. However, the FWHM[40/FWHMp ratio is equal to 1.64, which
is higher than the deconvolution factor for an ideal sech? pulse shape (i.e. 1.54). Ad-
ditional substructures are apparent at higher gain section biasing (I;=62mA), and the
pulses outside the optimum ML region are even more strongly affected by the trailing
edge instabilities, resulting in pulse widths exceeding 2 ps, as shown in Fig. 6.14 (c, d).
Also, examples of two sonogram traces measured on the 3% SA device are plotted in
Fig. 6.14.

On the 3% SA device, most of the pulses located within the contoured region have

temporal widths below 0.8 ps (Fig. 6.13 (b)). There is a significant improvement in the
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FIGURE 6.11: Linear group delay coefficients (ps/nm) of pulses measured on the 3-QW
MLLs.

quality of the emitted pulses compared to the 2% SA MLL, which also exhibit an almost
ideal sech? pulse, e.g. at [;=58 mA and Vg4=-2.2V (Fig. 6.15). The figure shows that
the pulses outside the optimum ML region produce pulses only weakly affected by tem-
poral profile instabilities, as no additional substructures nor pulse envelope instabilities

are visible within a wide range of the biasing parameters applied to the device.

A similar trend can be observed with the 4 % SA MLL (Fig. 6.13 (c)). The pulse widths
are the narrowest of all the measured devices and span from 0.5 ps to 0.9 ps, as shown by
the temporal profiles plotted in Fig. 6.16. The deconvolution factor of the shortest pulse
(I;=70mA, Vg4=-2.4V) is relatively high (1.67), which is caused by a slight asymmetry
between the pulse edges. Much lower FWHM ;40 /FWHMp ratios, although with wider
pulses, correspond to the low I, boundary of the ML region. For instance, the virtually
symmetric, 0.74 ps wide pulse in Fig. 6.16 (d) has a Gaussian-shaped envelope, with a
FWHM;4c/FWHMp ratio of 1.46.

A wider variety of optical pulses was recorded with the longest (5%) SA device. There
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FIGURE 6.12: Quadratic group delay coefficients (ps/nm?) of pulses measured on the
3-QW MLLs.

is a large ML region with pulses below 0.8 ps, located in the contoured biasing area at
I, <90 mA. An example of such pulse is presented in Fig. 6.17(a), with FWHM of 0.51 ps
and a deconvolution factor of 1.68. All these pulses are characterised by smooth and
pedestal-free time profiles. Also, the region of I,=90 — 100mA and Vgq=-2.0 - -2.5V
produces stable pulses, only weakly affected by the leading edge instabilities.

In conclusion, the pulses emitted by the device with the shortest saturable absorber
are vastly affected by intensity instabilities. These temporal substructures gradually
decrease with Lg4. The shortest pulse width (0.5 ps) is recorded with the 4 % SA MLL,
while the pulses closest to the sech? profile are emitted with the 3% device. The most

stable emission, in terms of the temporal FWHM is measured on the 2-3 % saturable
absorber MLLs.
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FIGURE 6.16: An ensemble of time domain pulse profiles along with their second order
TAC traces at various biasing conditions within the ML region of the 3-QW laser with
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FIGURE 6.17: An ensemble of time domain pulse profiles along with their second order
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6.4 Comparison Between the 5-QW and 3-QW Devices

The presented results confirm a significant improvement in the 3-QW devices over their
5-QW counterparts in terms of intensity and phase profiles of the emitted optical pulses.
This confirms the conclusion drawn from the analysis reported in Chapter 3. The group
delay profiles show a dominant positive chirp present in pulses from both the 5-QW
and 3-QW devices. The former device, though, shows higher values of average chirp,
typically ranging between -0.2 ps/nm and -0.4 ps/nm, whereas the group delay variation
in the 3-QW MLL pulses rarely exceeds -0.2 ps/nm. Also, the extent of nonlinear chirp
is much wider with the 5-QW MLL. Furthermore, all the parametric maps indicate that
the linear chirp component can be minimised by proper adjustment of the laser biasing
parameters. In terms of the temporal intensity profiles, pulses from the 5-QW device
are vastly affected by various types of instabilities that are present on both the leading
and trailing edges. The 3-QW lasers, on the other hand, produce symmetrical, smooth
and pedestal free pulses over wide ranges of biasing conditions. The distortions in the
time profile usually occur only at the boundaries of the ML operation or close to the
SP regions. The minimum pulse widths measured with the 5-QW and 3-QW MLLs are
equal to 1ps and 500 fs, respectively.

6.5 Discussion on the Chirp and Temporal Profiles

The pulse generation in passive SMLLs with slow SA is based on the saturation of
both the gain and the absorber sections. Changes in the optical gain triggered by the
traveling pulse induce material-generated phase shift [136], governed by the linewidth
enhancement factor, a-factor. The a-factor describes the relation between the variations
in real, x,, and imaginary, y;, part of the material optical susceptibility with the carrier

density, N:

_ _er/dXz' (6.1)
dN " dN
The refractive index change due to the carrier depletion and gain/absorption nonlinearity
caused by the saturation leads to the modification of the pulse optical frequency. These
effects, along with the cavity dispersion shape both the spectral intensity and phase of
the pulse and are the main contributors to the chirp. The effect of the phase modulation
in the SA (due to the absorption saturation) has an opposite sign to that induced by
the gain saturation. Hence, it is possible to some extent to compensate the chirp by
balancing the nonlinearities in both sections. The sign of the final pulse chirp depends

strongly on the mutual relation between the linewidth enhancement factors in the gain

and absorption sections. In terms of the carrier density, the two sections operate in very
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different regimes. The gain section operates with high carrier density levels, whereas in
the reversely biased SA the band states are close to empty. In the theoretical discussion
presented in [137] this difference has a major impact on the pulse chirp, as the blue chirp
was obtained if the SA a-factor was set to the typical and realistic values below 1.5.
The authors also emphasise a direct connection between the ML stability and the pulse
chirp characteristics. This relation has been also observed in the chirp profiles presented
in this chapter, where high values of the linear and quadratic coefficients appear close
to the SP regions. An uncompensated and excessive chirp prevents from stable ML

operation and triggers the temporal instabilities and SP.

The temporal characteristics plotted in Fig. 6.8 and Fig. 6.13 show that the pulse inten-
sity characteristics can be affected by additional substructures or satellite pulses. The
appearance of such distortions can be explained by two mechanisms. The first is caused
by the presence of positive net gain at the pulse leading edge. In the ideal case, the pos-
itive gain window should be opened only at the time of the pulse arrival [6]. However,
if the net gain becomes positive before that, any existent low intensity perturbations
will be amplified. The dynamical evolution of these instabilities depends on the mutual
relation between their group velocity, gain relaxation time and absorber recovery time.
They can either be absorbed by the main peak or destabilise the pulse train and create
substructures on the leading edge [138]. The second mechanism triggers similar defor-
mations on the trailing edge, and is caused by the gain section saturation energy being
larger than the absorber saturation energy [5]. In this case, the net gain window opens

periodically after the main peak and the satellite pulses may develop.

6.6 Chapter Summary

In this chapter, the outcome of the sonogram measurements performed on the semi-
conductor mode-locked lasers was presented. The pulses on both the 5-QW and 3-QW
SMLLs were studied with respect to their group delay profiles and temporal intensity
characteristics. The results demonstrated superior performance of the 3-QW devices, in
terms of both the accumulated chirp and temporal width of the pulses. The majority
of pulses were affected by positive (blue), mostly linear chirp, the extent of which can
be minimised with careful adjustment of the biasing conditions. The highest linear and
nonlinear group delay characteristics were usually apparent close to the self-pulsation
regions, proving a direct relation between the pulse train instabilities and the chirp
formation. Examples of various pulse shapes and intensity envelope distortions were

presented and discussed.



Chapter 7

Conclusions and future work

7.1 Summary of the project

This thesis dealt with the characterisation of semiconductor passively mode-locked lasers
that emit picosecond and sub-picosecond optical pulses at repetition rates of ~40 GHz
and wavelengths around 1.55 um. Such devices find applications, for instance, in optical
communication systems, security, imaging and sensing. The first objective of the work
was to investigate the dynamical behaviour of the AlGalnAs/InP SMLLs, by performing
an extensive study of their properties at various biasing conditions, as well as for different
geometries and epistructure compositions. Furthermore, the project aimed at developing
a measurement system, which could evaluate both the amplitude and phase profiles of the
emitted pulses, so to gather a deeper understanding on the pulse formation mechanisms.
This proved to be a challenging task due to the high repetition rates, ultrashort temporal
structures, low energy, and lack of synchronisation of these pulses. Hence, the sensitivity
of the existent self-referenced indirect measurement techniques had to be improved to

accomplish the task.

The following sections summarise the major findings and results obtained throughout

the course of this research work.

7.1.1 Chapterl: Introduction

The introductory chapter gave some background on the concept of passive mode—locking,
mode—locked laser diodes and ultrashort optical pulses. Various pulse characterisation
approaches were analysed in terms of their advantages and drawbacks, especially with

respect to their suitability for measuring pulses from SMLLs. The sonogram technique

155
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with a TPA detection was selected as the optimum method, because it does not re-
quire any reference pulses or ultrafast modulation, and is virtually ambiguity—free. Fur-
thermore, the TPA detection allows to achieve high sensitivity, and can be used with

high-repetition pulses and over extensive spectral regions.

7.1.2 Chapter 2: Al-quaternary Material Systems

This chapter investigated the properties of the two semiconductor materials systems (5—
quantum well and 3—quantum well) used to fabricate the MLLs. Material features, such
as the gain, absorption and group velocity dispersion profiles, all having significantly
an impact on the mode-locking operation, were examined over a wide range of the
biasing conditions. Two material characterisation techniques, namely the three-section
and Hakki—Paoli methods were compared, and the latter method was used to analyse
the material properties. The obtained results highlighted the differences in the gain
and absorption spectra between the two materials, and also demonstrated the biasing
conditions’ influence on typical phenomena taking place in semiconductor devices, such

as the QCSE or carrier induced effects.

7.1.3 Chapter 3: Dynamics of Al-quaternary Mode-Locked Laser Diodes

The first project objective was completed by a detailed characterisation of the SMLLs
fabricated in the two material systems, performed over a wide range of biasing parame-
ters. The study was based on the analysis of the optical and RF spectra, as well as on
the intensity autocorrelation traces. It provided an extensive overview of the different
dynamical regimes of the devices, such as mode-locking, self-pulsation and continuous
wave emission. The dynamical behaviour of different material structures and device ge-
ometries (i.e. the saturable absorber relative length) was evaluated. The 3-QW MLLs
proved superior to the 5-QW devices in terms of the pulse widths, emission stability
and lower influence of self-pulsation. Pulses producing IAC traces with FWHM as low

as 0.7 ps were measured with the 5% SA laser fabricated in the 3-QW material system.

7.1.4 Chapter 4: Two-Photon Absorption Detectors

This chapter described the design, fabrication and testing of the TPA detectors intended
for the sonogram pulse characterisation system. The detectors were based on semicon-
ductor waveguides, operating in a traveling-wave mode and were fabricated with stan-
dard III-V semiconductor processing technologies. The desired sensitivity was achieved

by maximising the intensity inside the optical waveguide through the use of narrow and
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deep waveguides. The experimental tests confirmed that the fabricated devices were
suitable for the characterisation of the SMLLs within the whole range of emission spec-
tra, repetition frequencies and power levels. A TPA response was measured with pulse
peak power levels as low as 5mW and ~200 uW in the pure quadratic and combined
(linear and quadratic) detection regimes, respectively. The three-section devices with a
6 pm wide input taper, 1 mm long and 1.2 um wide detection section proved optimum
design for the sonogram set-up due to the best trade-off between low-loss operation, high

TPA efficiency and low sensitivity to the input polarisation.

7.1.5 Chapter 5: Sonogram Set—up

This chapter detailed the concept of optical pulse measurements with the sonogram
technique and discussed the features of the main optical components required for the
development of the system, i.e. the tunable bandpass filter and the delay line. The data
acquisition process and the iterative pulse retrieval algorithm were next explained. The
final arrangement with the TPA detector was subsequently verified with a wide range
of different trial optical pulses, generated with a fiber-based mode-locked laser. These
tests were very successful and only showed a few minor limitations of the system, caused
mostly by the fixed resolution of the tunable filter. However, the developed set-up proved
suitable for ultrashort pulses emitted from SMLLs.

7.1.6 Chapter 6: Sonogram Characterisation of Optical Pulses

The results presented in this chapter concluded the second objective of the project, by
investigating the chirp and temporal profiles of the pulses from the ML laser diodes.
The sonogram system was used to study the evolution of the pulse characteristics with
varying biasing conditions and on different devices. The obtained results confirmed that
the devices fabricated in the 3-QW material produce pulses with superior features, i.e.
with weaker chirp, smoother temporal profiles and narrower widths. The majority of
the pulses were affected by a positive chirp, which usually could be minimised with
careful adjustment of the applied biasing. The minimum pulse widths calculated from
the sonogram traces measured on the 5-QW and 3-QW devices were equal to 1 ps and

500 fs, respectively.
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7.2 Conclusion

The work presented in this thesis demonstrated an improved approach to the character-
isation of unsynchronized, ultrashort, low energy optical pulses, such as those emitted
from semiconductor mode-locked lasers. It has been shown, that the sonogram technique
provides a capability for retrieving both pulse intensity and phase profiles and combined
with the optimised two-photon absorption detector can be applied to low intensity opti-
cal pulses. The proposed detector also benefits from a traveling-mode type of operation
and negligible dispersion, which makes it suitable for high repetition rate sub-picosecond
pulses. The operation of the developed sonogram set-up has been successfully verified
with the test pulses of a known chirp. Also, some limitations of the developed sys-
tem have been demonstrated, caused mainly by the fixed-bandwidth tunable filter, but
also by the vulnerability of the sonogram method to optical pulses emitted from purely

phase-locked or SP-affected lasers.

The measurement system has been used to examine picosecond and sub-picosecond
optical pulses emitted from the 1.5 um AlGalnAs/InP semiconductor passively mode-
locked lasers. Combined with an extensive characterisation of the lasers’ dynamics,
this work demonstrates a comprehensive study of such devices. It has been shown how
the modifications introduced in the laser material structure, e.g. the lower number of
quantum wells in the active region or decreased cavity losses, influence the devices’
performance and improve their output power, phase noise, or optical pulse intensity and
phase profiles. Furthermore, various benefits stemming from the saturable absorber size
have been demonstrated, so that the future devices can be designed for the maximum

average power, minimum self-pulsation region, low phase noise, highly linear chirp, etc.
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7.3 Future work

Suggestions for future work as a continuation of this project are as follows:

e Investigation of other semiconductor epistructures for the fabrication of the two-
photon absorption detectors. For instance, the ratio between the quadratic and
linear photo-response could be optimised by the careful selection of the material

bandgap.

e Optimisation of the spectral filter employed in the sonogram set-up in terms of
achievable resolution, bandpass tunability and introduced phase distortion. For
instance, an etalon-based bandpass filter could be used to used in order to gain
control of all those parameters. Minimised phase distortion introduced by the
filter would improve the pulse retrieval algorithm convergence. The capability to
modify the bandwidth would increase the scope of potential optical pulses, which

could be characterised with the sonogram system.

e Miniaturisation of the sonogram system and development of a portable and a plug-
and-play device. For instance, a sonogram system comprising the commercially
available bandwidth variable fibre-based tunable filter, fiber-based delay line, and
butt-coupled TPA detector could be implemented in order to achieve alignment

free sonogram system.

e Investigation of the routes for the full integration of the sonogram system. For
example, the silicon-on-insulator ring resonators provide robust tunable spectral
filter and tunable delay line components. Also, silicon is a semiconductor material

suitable for TPA detection at 1550 nm.

e Study of mode-locked laser diodes with more complex structures, for instance
comprising chirped distributed Bragg reflectors, or devices fabricated on quantum-

dot materials.
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