[BAPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

HERIOT
SEHWAT'T

‘.}j
4 UNIVERSITY

Universidade do Minho

soyoreoidde uoneziiaioeieys |oAou

Sawo9 sojues sop obel]  yym siase| 1019NPUOIIWSS Ul uoljessuab as|nd poysesn
Bullanooun :siase| 19edwooeil|n pue 1sejell|n SpIemo|

o)

HERIOT [PORTO
GIWAT'T  po o,

D
L’ ./ UNIVERSITY

Universidade do Minho

Towards ultrafast
and ultracompact
lasers:
uncovering
ultrashort pulse
generation in
semiconductor
lasers with novel
characterization
approaches

Tiago dos Santos Gomes

Ph.D. Thesis co-supervision between the University of Porto

and the Heriot-Watt University
Faculty of Sciences of the University of Porto, University of Aveiro,
University of Minho, Heriot-Watt University

2024



Towards ultrafast
and ultracompact
lasers:
uncovering
ultrashort pulse
generation in
semiconductor
lasers with novel
characterization
approaches

Tiago dos Santos Gomes

Thesis carried out as part of the Ph.D. in Physics
Department of Physics and Astronomy

2024

Supervisor

Helder Crespo, P f r, Dep. of Physics and Astronomy, Faculty
of Sciences, Uni ty fP rto, Portuga I

Co-supervisor

Maria Ana Cataluna, Professor, Institute of Photonics and
Quantum Sciences, Heriot-Watt University, Scotland

[BAPORT O

AAAAAAAAAAAAAAAAAA

HERIOT
SJWAT'T

? UNIVERSITY







Nota: Esta pagina s6 devera ser incluida, no ambito da
versao final apos defesa e apenas no caso de o juri aprovar
a tese com recomendacao de correc¢ao, pelo estudante, dos
erros, imprecisées ou incorrecoes formais identificados e
expressamente referidos durante as provas. Esta pagina deve
ser eliminada da versao a ser submetida no ambito do

pedido de admissao a provas.

Todas as corregdes determinadas
pelo juri, e s6 essas, foram
efetuadas.

A/O Orientadora(o),

Monin. Ana (ke
Edimburgo, UK, 9/ 1/ 25
Porto, / /

N, mu//aazrw,(af4
13 de-Janeiro de 202


mc88
Stamp

Crespo, Helder (STFC,RAL,CLF)
13 de Janeiro de 2025





“Look again at that dot. That’s here. That’s home. That’s us. On it everyone you love,
everyone you know, everyone you ever heard of, every human being who ever was, lived
out their lives. The aggregate of our joy and suffering, thousands of confident religions,
ideologies, and economic doctrines, every hunter and forager, every hero and coward,
every creator and destroyer of civilization, every king and peasant, every young couple
in love, every mother and father, hopeful child, inventor and explorer, every teacher of
morals, every corrupt politician, every “superstar,” every “supreme leader,” every saint
and sinner in the history of our species lived there-on a mote of dust suspended in a
sunbeam.

”

That’s here. That's home. That’s us.

Carl Sagan, 1994
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Resumo

Os diodos laser semicondutores mode-locked sao fontes de impulsos ultracurtos com-
pactos, de baixo custo e eletricamente eficientes. Materiais baseados em quantum-dots
fornecem acesso a uma dindmica de ganho e absorg¢éo ultrarrapidas, assim como uma
curva de ganho ultralarga devido ao alargamento ndo homogéneo, fornecendo a capaci-
dade de gerar impulsos laser de alta poténcia e subpicossegundos, com taxas de repe-
ticao muito altas (até centenas de GHz) e baixo jitter temporal. No entanto, ainda nao é
possivel aproveitar todas as suas capacidades e alcangar regimes de mode-locking com
maior poténcia, uma vez que usando uma corrente mais elevada cria instabilidades no

trem de impulsos.

Dispersion-scan (ou d-scan, abreviadamente) € uma técnica que se baseia numa con-
figuracdo simples e totalmente inline, onde um sinal no linear é medido em func¢ao da
disperséo aplicada ao impulso laser, criando uma medida 2D que, através de algoritmos
de retrieval apropriados, podem reconstruir tanto a poténcia espectral como a fase (e,
portanto, o perfil temporal) de impulsos laser ultracurtos. Nesta tese, desenvolvemos
uma técnica d-scan altamente sensivel, capaz de medir impulsos com baixa energia e
duragdes temporais elevadas. Juntamente com o algoritmo de self-calibrating retrieval,
€ possivel quantificar pela primeira vez as instabilidades de trens de impulsos em diodos
laser semicondutores, fornecendo informagdes privilegiadas sobre a dindmica de gera-
¢ao de impulsos nestas fontes laser. O processo de amplificacdo de impulsos gerados
em diodo laser baseados em quantum-dots usando amplificadores 6pticos semiconduto-
res também foi investigado, em particular o efeito do processo de amplificagdo no chirp,

perfil temporal e instabilidades dos impulsos.

Palavras-chave: impulsos laser ultracurtos, diodos laser semicondutores, dispersion-

scan, amplificadores 6ticos de semicondutor
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Abstract

Semiconductor mode-locked laser diodes are compact, low-cost, and wall-plug efficient
sources of ultrashort pulses. Quantum-dot materials provide access to ultrafast gain and
absorption dynamics, as well as ultra-broadband gain due to inhomogeneous broadening,
providing the capabilities for generating sub-picosecond and high-power laser pulses, with
very high repetition rates (up to hundreds of GHz) and low timing jitter. However, it is
still not possible to harness their full capabilities and achieve mode-locking regimes with
higher optical output power, since driving them at higher gain currents creates pulse train

instabilities.

Dispersion-scan (or d-scan, for short) is a technique that relies on a simple and fully in-
line setup, where a nonlinear signal is measured as a function of the dispersion applied
to the laser pulse, creating a 2D trace that, through appropriate retrieval algorithms, can
reconstruct both the spectral power and phase (and therefore the temporal profile) of
ultrashort laser pulses. In this thesis, we have developed a highly-sensitive d-scan tech-
nique, capable of measuring pulses with very low energy and ps time durations. Together
with the self-calibrating retrieval algorithm, this allows quantifying for the first time pulse
train instabilities in semiconductor laser diodes, providing privileged information about
the pulse generation dynamics in these laser sources. The pulse amplification process
of quantum-dot mode-locked laser diode pulses using semiconductor optical amplifiers
was also investigated, namely the effect of the amplification process on the pulses’ chirp,

temporal profile, and instabilities.

Keywords: ultrashort laser pulses, semiconductor laser diodes, dispersion-scan, semi-

conductor optical amplifiers
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1. Introduction

Light itself is extraordinary on its own. However, when the laser effect was discovered
and the first laser was invented in 1960 [1], using a synthetic ruby cylinder with silver-
coated ends as the Fabry-Perot resonator and photographic flash lamps as the pump
source, creating laser flashes with ms of time duration, an optical revolution started, and
the concept of laser pulses, as in flashes of coherent light, started to appear. This concept
was expanded to the nanosecond (10~? s) regime, with the creation of the Q-switching
technique [2], which rapidly extended to the pico- (10~12 s) and the femtosecond (10~ 1° s)

regime with the mode-locking technique [3], creating the concept of an ultrashort pulse.

1.1. Motivation

The possibility of having ultrashort laser pulses with high peak power and low average
power allows their usage in applications such as micro-machining [4—6], and photo-ablation
of biological tissue without thermal effects [7], useful for precise and contactless eye
surgery [8]. Their broadband spectrum allows for tissue imaging, using techniques such
as nonlinear optical microscopy [9] or Optical Coherence Tomography (OCT) [10, 11].
Lasers with a high repetition rate serve their purpose in telecommunications, where ap-
plications include ultra-high bit rate optical communication [12] and femtosecond signal
processing [13, 14]. Pump-probe configurations with these lasers allow the study of a
vast array of fields, from magnetization dynamics [15, 16] to the real-time monitoring of
chemical reactions [17]. The creation of frequency combs has made a great impact in
the field of optical metrology [18]. Generating attosecond (10~'® s) laser pulses enables
unprecedented resolution in pump-probe measurements [19]. There is no limit to what

ultrafast laser systems can achieve [20, 21].

In the vast range of ultrafast lasers, semiconductor laser diodes are a compact, electri-
cally pumped, and wall-plug efficient source for generating ultrashort laser pulses. With
semiconductor material in the gain section, these lasers generate light through stimulated
emission where, by applying a forward bias to a doped p-n junction, a photon can in-
duce the recombination of an electron-hole pair, creating another photon with the same
wavelength and direction of propagation. For high enough drive currents, coherent light

is created [22].
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The existence of a compact, wall-plug efficient, and low-cost laser source that can gener-
ate ultrashort pulses seems like the ultrafast Holy Grail. However, the widespread adop-

tion of these laser sources is not a reality yet. So, what is the problem?

It is still not possible to harness the full capabilities of ultrafast laser diodes and achieve
mode-locking regimes with higher optical output power, since driving them at higher gain
currents creates pulse train instabilities [23—26]. To better understand the instabilities that
occur in semiconductor laser diodes, it is crucial to identify and quantify them, to gain priv-
ileged information into the stability of the mode-locking regime, inform theoretical work,
and develop strategies to minimize or even eliminate such instabilities. In this work, we
use the dispersion-scan [27, 28], a pulse characterization technique that strongly relies
on nonlinear optics and dispersion to measure ultrashort laser pulses, to gain further in-
sights into the pulse generation mechanisms and stability regimes of semiconductor laser

diodes. This thesis is divided as follows:

Chapter 1 provides a brief introduction to the description of ultrashort laser pulses, namely
pulse generation, mathematical formulation, and characterization, as well as a brief intro-

duction to nonlinear optics.

Chapter 2 presents a d-scan setup, developed at University of Porto, based on surface
third-harmonic generation, used to characterize and compress sub-10 fs pulses from a
Ti:Sapphire oscillator. This work is a culmination of previous work initiated prior to the

beginning of this PhD.

In Chapter 3 we present a highly-sensitive d-scan setup, developed at Heriot-Watt Uni-
versity, able to characterize pulses with low energy and long (ps) durations. We use it to

characterize and compress pulses from a semiconductor laser diode to the sub-ps regime.

This setup was used in Chapter 4 to characterize and compress (to a sub-ps regime)
pulses from a quantum-dot mode-locked laser, as well as to investigate the pulse gen-
eration dynamics with the laser driving conditions. We have correlated our findings with

theoretical models and previous experimental measurements with similar laser sources.

In Chapter 5, we show, for the first time, the quantification of pulse train instabilities in
semiconductor laser diodes using the self-calibrating retrieval algorithm. We have de-

tected different mode-locking regimes depending on the laser driving conditions.

The study of the amplification process using semiconductor optical amplifiers is presented

in Chapter 6, where we analyze the influence of the amplification process on the pulses’
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spectra and temporal profile. We also investigate the amplification of unstable pulse

trains.

Chapter 7 presents the main conclusions and the outlook for the near future.

1.2. Mathematical description

Ultrashort laser pulses consist of electromagnetic wave packets with a few picoseconds
or less of time duration. They can be described in the time domain as a complex vector
[29, 30]:

E(7,t) = |E(7,1)|e?Te(7,1) (1.1)

where ¢(7,t) is the temporal time- and space-dependent phase of the ultrashort laser
pulse, and é(7, t) is the polarization direction vector. To get to the frequency domain, we
can apply the Fourier transform to the above equation and, assuming we are only dealing
with linearly polarized laser pulses E(7,t) = E(7,t)é, where é is fixed and dictates the

polarization direction:

E(7,w) = F [E(7,t)] = |E(F, w)|e?") (1.2)

where ¢(7, w) is the spectral phase of the pulse, and |E(7,w)| = v/I(F,w), I(7,w) being
the spectral power, which is typically measured with a spectrometer. For the purpose of
this work, we are only interested in the time-varying component of the pulses, therefore
we assume E(7,w) = E(w) and ¢(¥,w) = ¢(w). This assumption is made accordingly

to the laser sources used in this work.

Two of the most used temporal envelopes in the field of ultrashort laser science are those
of Gaussian and sech? pulses. For the Gaussian pulses, the expression for the envelope

is as follows:

o2 2In(2)
[E()F =e 0= "33

(1.3)

where At is the full-width at half-maximum (FWHM) of the pulse. The expression for the

envelope of a sech? pulse is written as:
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|E(t)|* = sech® (i) K= ln(?aj—tzxﬁ) (1.4)

Let us take into account a Gaussian pulse. If we go to the frequency domain, employing a
Fourier transform, we get another Gaussian profile, with spectral bandwidth Aw. It follows

then, by the properties of the Fourier transform, that:

AtAw > K (1.5)

where K is a constant that depends on the pulse shape (K = 0.441 for a Gaussian pulse
and K = 0.315 for a sech? pulse) [31]. If the equality is observed, we say that the pulse
is transform-limited (TL) and is the shortest pulse possible for a given spectrum. There
is a strong resemblance between Equation 1.5 and Heisenberg'’s principle: to get a short
pulse in the temporal domain (concentrated in time), we need a broad spectrum to support

it (dispersed in frequency), and vice-versa.

1.3. Mode-locking

Due to the wave properties of light, a laser cavity with length [ can support several longi-

tudinal modes, which frequencies are separated by:

C
b= (1.6)

where c is the speed of light in the cavity medium. If the relative phase of these modes
is not controlled, then these modes do not interfere constructively. However, if the phase
between these modes remains fixed, the modes interfere constructively, creating pulses
in a process referred to as mode-locking. Figure 1.1 shows an example of constructive or
destructive interference between modes in a cavity where the phases are either random

or fixed.

Mode-locking allows for the generation of ultrashort pulses from laser sources [32], with
a repetition rate equal to the mode spacing and a peak intensity that scales with N2, N,
being the number of modes locked and emitted by the laser. We should note that the
cavity can support an almost infinite number of modes, but only those that are within the

gain bandwidth and above threshold are emitting.

The energy of the modes is now concentrated in time, which leads to a high peak power:
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Figure 1.1: Intensity of a laser with a single mode (top), 100 modes with random phases
(middle), and 100 modes with locked phases (bottom).

E
Ppeak = BKZ (1.7)
where At is the pulse duration, B is a parameter that depends on the pulse shape (approx-
imately 0.88 for sech? pulses and 0.94 for Gaussian pulses) and E, is the pulse energy,
equal to P,/ frep, Pav being the average power and f,., being the repetition rate. This
means that even with a low average power, the peak power can be extremely high, de-

pending on the pulse duration.

1.4. Dispersion

If we expand the spectral phase into a Taylor series around the central frequency w of

the pulse’s spectrum, we get:

¢(w) = ¢(wo) + %(w —wo) + 1740(60 —w)?* + —%(w —wp)® + ... (1.8)

The above expansion is extremely useful since we can now determine the effect of each
term on the temporal profile of an ultrashort pulse. ¢(wy) is defined as the Carrier En-
velope Phase (CEP) and is a constant phase offset. For few-cycle laser pulses (where
the carrier oscillates only a small number of times within the envelope) this phase is of

extreme importance. However, it does not affect the temporal profile in the case of the
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pulses investigated in this work (which contain many cycles), and therefore is not consid-
ered further in this thesis. The second term on the equation is directly dependent on the
group delay t, = d¢/dw. If to(w) is constant for all frequencies, it translates to a pulse
delay in the time domain. However, if we consider higher-order dispersions, the group

delay becomes dependent on the frequency, and the pulse will suffer time distortions.

The first term that starts changing the pulse temporal shape is the Group Delay Dispersion
GDD = d*¢p/dw? = dte/dw, consisting of a linear chirp, which results from a quadratic
spectral phase. In the temporal domain, GDD creates a pulse broadening by lagging
higher frequencies compared to shorter ones (if the GDD is positive). If the value of GDD
is known, it can be used to crudely estimate the pulse elongation by measuring the pulse

duration At after dispersion:

2
GDD
At = Atgy| 1 4ln2——— 1.9

where Aty is the initial pulse width (assuming a Gaussian profile).

The Third Order Dispersion TOD = d*¢/dw® = d*t,/dw? is a quadratic chirp, stemming
from a cubic spectral phase. The contribution of TOD affects the pulse less than the
GDD, but its effects can still be visible, consisting of the creation of pre- or post-pulses,

depending on its sign.

To better visualize the effects of these terms in the pulse’s temporal profile, we have
simulated an ultrashort pulse with a center wavelength of 1264 nm, yielding a transform-
limited (TL) pulse of around 510fs. We have applied independently to each simulated
pulse a Group Delay of 2.7 ps, a GDD of 0.36 ps?, and a TOD of 0.09 ps®, whose respective

temporal profiles can be seen in Figure 1.2.

1.4.1 Dispersion Compensation

In the previous section, we have only applied dispersion with a positive sign, where com-
ponents in the pulse with higher frequency are delayed with respect to the ones with lower
frequency (in more colloquial terms, we can say that the "blues” are delayed with respect
to the "reds”). Dispersion with a positive sign occurs normally in pulse propagation in a
material and is typically not desired since it creates a pulse broadening in the time do-
main. Therefore, one must find a way to reverse this effect, either by reversing this delay

or making the components with a higher frequency travel a smaller distance compared to
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Figure 1.2: Temporal effects of a linear (GD - Group Delay), quadratic (GDD - Group
Delay Dispersion), and cubic (TOD - Third Order Dispersion) phase on a
transform-limited (TL) pulse (blue curve). Further numerical details in text.

the ones with a lower frequency, which is equivalent to a negative dispersion. The three
better known techniques to apply negative dispersion are prism compression, chirped

mirrors, and grating compression.

Prism compression [33] relies on changing the optical path of components with different
frequencies using refraction on prisms. If done correctly, this creates a negative disper-

sion, as seen in Figure 1.3.

Figure 1.3: Schematic of a standard prism compressor. Reproduced from [34].

A similar setup is used for the grating compressor [35], but with gratings instead of prisms
and using the properties of grating diffraction to create negative dispersion. A variation of
this grating compressor will be used in the work developed throughout this thesis. More

details will be presented in chapter 3.

Another well-known approach is the use of dispersion compensation mirrors (DCMs) [36]

which are composed of several layers of unevenly spaced dielectric layers, each with
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alternating refractive index. This introduces a net negative dispersion since components
with higher frequencies are reflected at layers closer to the surface, while components

with lower frequencies are reflected far away from the surface. (see Figure 1.4 for more

details).
A
Air Antireflection coating Chirped mirror structure Substrate
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Figure 1.4: (a) Structure of a DCM with alternating layers with different refractive index
and thickness. (b) Penetration depth as a function of wavelength for the DCM, which
provides negative dispersion in the 650 to 1050 nm region. Reproduced from [37].

1.5. Nonlinear Optics

For relatively low peak intensities, the interaction between light and matter can typically
be described with a linear model, where the polarization of a material is only linearly
affected by the light interacting with it. However, since ultrashort laser pulses have very
short temporal durations, it is feasible to assume that they have a strong peak intensity. In
these cases, the linear model fails, and there is a need for a nonlinear model of light-matter
interaction. This effect gives rise to the nonlinear optics field, which studies the nonlinear
interaction between light and matter (and between light and itself). In this section, we will
give a brief theoretical description of the most common nonlinear optical effects, such as

second harmonic generation (SHG) and third harmonic generation (THG).
The model begins with the wave equation for nonmagnetic materials without free carriers:

C1PE(FH 1 9*P(7t)

VX VxEF1) 2 92 g2 ot

(1.10)



FCUP |HW|UA|UM | 9
Towards ultrafast and ultra-compact lasers: uncovering ultrashort pulse
generation mechanisms in semiconductor lasers with novel characterization approaches

which can be rewritten in the frequency domain as:

VxVxE(r,w)—i—C—zE(r,w):—eO7w P(7,w) (1.11)

If the light intensity is weak, then only a linear polarization P(t) = egxVE(t) is created,
where ¢ is the vacuum permittivity and x(!) is the electric susceptibility of the medium. If,
however, the light intensity is high, and the light electric field becomes comparable to the
atomic electric field that binds an electron to an atom, we must expand the polarization

as a multilinear function of the electric field:

Pi=eo [ Lt Ei(t) + L xR Ei(DE(t) + Y xiEi (D E(E(t) + ... (1.12)
j Jik ikl

where P; is the i-th Cartesian coordinate of the polarization, and Xf]zk) and X% are the sec-
ond and third-order nonlinear optical susceptibility tensors, respectively. The expansion
extends indefinitely, however, for the purpose of this thesis, we are only interested in the

second and third-order terms.

1.5.1 Second Harmonic Generation

If we consider a linear polarization, for the second-order term we get a scalar polarization:

PP (1) = egx PE3(1) (1.13)

Let’s assume that the electric field can be described as a superposition of two monochro-
matic sinusoidal waves with frequencies w; and w, and amplitudes E; and E,, respec-

tively:

E(t) = Eje™ "1t 4 Epe @2t ¢ . (1.14)

where c.c. stands for the complex conjugate. In this case, the nonlinear polarization is

written as:

P(Z)(t) — GOX(Z) [E%E_Ziwlt + E%E_Ziw2t +2E1Eze—i(w1+w2)t (1 15)
+2E Eje (1= @2)t L o E¥ 4 2FyE5 + c.]
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The first two terms inside the brackets are called second harmonic generation (SHG),
which consists on the generation of light with a frequency that is double of the original
- 2w and 2w», in this case. The third and fourth terms are sum-frequency generation
(SFG) and difference-frequency generation (DFG), respectively, which generate light with

a frequency that is the sum or the difference of the original frequencies, respectively.

1.5.2 Phase Matching

It is rather intuitive to think that by increasing the power of the fundamental field the gen-
erated nonlinear power would increase as well. Although this is true, it is not that simple,
and other relevant considerations must be made. Let us take into account the second

harmonic generation effect, described by the following wave equation:

V2E _ ﬁiﬁ _ 9Py
c? ot? ot?

(1.16)

where Py is the nonlinear polarization vector. By assuming a monochromatic wave, it

can be easily demonstrated that the output power of the SHG p;ggug, is proportional to:

Ak
PSHC, o sinc? (2L> L? (1.17)

where L is the thickness of the nonlinear medium and Ak = k, — 2k is the phase-
mismatch, where k; is the wavenumber of the second harmonic signal and k; the wavenum-
ber of the fundamental field. Since the refractive index is normally a monotonic function
of the wavelength, it is impossible to nullify the phase mismatch for a material with a sin-
gle refractive index. However, for materials with two or more refractive indexes (such as
uniaxial crystals, e.g., Beta-Barium Borate (BBO) and Potassium Dideuterium Phosphate
(KDP), which have an ordinary refractive index n, and an extraordinary refractive index
n., depending on the crystal direction), the refractive index n changes with the angle of

incidence of the light beam on the optical axis of the material, 6:

1 cos?(8)  sin*(0)
n2(6): n2 + n2 (1.18)

and we can now minimize or even nullify the phase mismatch Ak(0, w) = k(0,2w) — 2k(w)

simply by tuning the angle 6.
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1.5.3 Third Harmonic Generation

Using the same expression for the electric field from Equation 1.14, and analyzing the

third-order term of the polarization:

PO(t) = eox ¥ E3(t) (1.19)

there are going to be terms of the form eox® Eje=%1t and eox (3 E3e~%“*, which are
referred to as third harmonic generation (THG), consisting on the generation of light with
triple of the original frequency of each monochromatic wave. This effect is also affected

by the phase-matching conditions.

1.5.4 Self-phase modulation

If the intensity of the laser pulse is strong enough, the refractive index of the material

where it is propagating changes with the instantaneous intensity:

n(Il) = ng+ nyl (1.20)

where ny is the linear refractive index and n, is the nonlinear refractive index (which de-
pends on the third order nonlinear optical susceptibility (). Since the pulse intensity is
strongly time-dependent, the refractive index seen by the pulse will be time-dependent as

well, which in turn dictates the phase acquired by the pulse during propagation:

27z

Pspm(t) = TOW(I) (1.21)

where Ay is the carrier wavelength and z is the propagation length. The time derivative of

the phase gives the instantaneous frequency:

w(t) = wp T

This effect is called self-phase modulation (SPM) and generates new frequencies in the

laser spectrum during the pulse propagation in the nonlinear medium.
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1.6. Ultrashort Laser Pulse Characterization

As the pulse duration gets shorter, measuring ultrashort pulses becomes more difficult,
since there are no detectors with such fast response times. In this regard, techniques
that strongly rely on nonlinear effects have been developed, that allow either to provide
estimates of the pulse duration, such as autocorrelation [38], or to provide the full spectrum
and spectral phase of the pulse, allowing for a full characterization of an ultrashort pulse.
Some of these techniques are Frequency Resolved Optical Gating (FROG) [39], Spectral
Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) [40], Multiphoton
Intrapulse Interference Phase Scan (MIIPS) [41] and dispersion-scan [27, 28].

1.6.1 Intensity autocorrelation

In this technique, two replicas of the fundamental pulse are produced via a beam splitter,
where one of the replicas can be delayed with respect to the other. If the two replicas
interfere nonlinearly, for example in a SHG crystal, the resulting signal can be measured

in a photodetector, giving rise to an intensity autocorrelation trace A(7):

—+o0

A7) :/ I(0)I(t — 7)dt (1.23)

—o0

where T is the delay between both replicas and I(¢) is the intensity of the pulse (see Fig-
ure 1.5 for further details about the experimental setup). If the replicas are non-collinear,
then the SHG is spatially separated from the fundamental beam, and the measurement
can be made background-free. With knowledge of the intensity autocorrelation, and as-
suming a certain pulse shape, it is possible to estimate the duration of the pulse from that
of the autocorrelation measurement. However, it cannot provide information about the

pulse shape, since two different pulses can have the same autocorrelation.

L I
—
QT
I M1 |
| T Beam Splitter
I I SHG
: ! Crystal Photodiode
I M2 | ~
L ! M3 A
Delay Stage

Figure 1.5: Second-order noncollinear autocorrelation setup.
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1.6.2 Frequency-Resolved Optical Gating

By frequency-resolving the nonlinear signal obtained with an autocorrelation measure-
ment (by using, for example, a spectrometer instead of a photodetector), and measuring

it as a function of the delay between replicas, we obtain the FROG trace:

00 . 2
Iroc(w,T) = | [ Eug(t,0)e "dt (1.24)

where Eg,(t,T) = E(t)E(t — ) for the second harmonic FROG trace. Using appropriate
retrieval algorithms, a spectral power and phase can be calculated, by optimizing these
variables in a way that minimizes the difference between the measured FROG trace and
the simulated FROG trace using these variables. Some retrieval algorithms will be de-

scribed later.

1.6.3 Spectral Phase Interferometry for Direct Electric-field Reconstruction

The SPIDER technique is a self-referenced technique [42], and consists on interfering
two replicas of the pulse, created using a Michelson interferometer, with a highly chirped
version of itself, that are recombined in a nonlinear crystal to perform sum-frequency

generation (see Figure 1.6 for further experimental details).

Pulse Stretcher

Beam Splitter

Concave
Mirror
M1D

Figure 1.6: SPIDER experimental setup.

This interferogram is then measured with a spectrometer. The obtained interferogram can

be written as [43]:

T(w) = DPO)(w) + e DA () + T DHAC) () (1.25)
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where D(PC)(w) is a DC component that does not contain any information, T is the tem-

poral delay between the replicas, and:

D40 (@) = |E(w — O)E(w)exp{Filp(w) — p(w — )]} (1.26)

is the AC component, where Q) is the spectral shear. This shear can be understood
by the chirped pulse having a linearly time-dependent instantaneous frequency, which
means that each replica created in the Michelson interferometer interferes with a different
frequency of the chirped pulse. With an inverse Fourier transform, to go to the time do-
main, and another secondary measurement without shear, the spectral power and phase
can be directly computed from this measurement, making this a very powerful technique,

although extremely complicated to implement.

1.6.4 Multiphoton Intrapulse Interference Phase Scan

The MIIPS technique relies on the use of a pulse shaper, based on a liquid-crystal spatial
light modulator (SLM), to measure and compress a pulse. The pulse to be measured
traverses the pulse shaper, that imprints a spectral phase ¢(w). The beam then goes
through a SHG crystal and generates a nonlinear signal, which is then detected as a
function of the phase applied by the compressor. In the frequency domain, the pulse can

be described as written in Equation 1.2. The total SHG signal is given by [44]:

2
+o0 )
I(w) = ‘ / |E(w + Q)||E(w — Q)| {olwrQ)+olw=0 g0y (1.27)

In this case, for each frequency w, there is a value of ¢(w) that maximizes the nonlinear
signal. With this information, the spectral phase is completely retrievable, allowing to fully

characterize the measured pulse.

1.6.5 Dispersion-scan

Dispersion-scan (d-scan) is a technique that relies on the effect of the spectral phase
of the pulse being measured on the nonlinear effect that it can produce. By measuring
a frequency-resolved nonlinear signal, as for example the second-harmonic generation

(SHG), as a function of the dispersion applied to the laser pulse, by use of a standard
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compressor, we can measure a 2D d-scan trace which, through appropriate retrieval al-
gorithms, can be used to fully retrieve both the spectral power and the spectral phase of

the pulse being studied (see the diagram from Figure 1.7 for a better comprehension).

(a) (b)
» Compressor » Nonlinear crystal » Spectrometer spectrometer
) translation blue filter
Y stage s .
collimating lens
D-scan trace blue DCM
Spectral power and phase from laser e
5 off-axis
@ Retrieval ~_ _ green DCM parabola
2 -
& » algorithm - -l
a wedges

Frequency

Figure 1.7: (a) General schematics of a dispersion-scan setup and retrieval procedure.
(b) Typical d-scan experimental setup [27].

To better understand the process of a d-scan measurement, let us begin with its math-
ematical description. In the frequency domain, the pulse can be described as written
in Equation 1.2. Assuming that there is no spatial variation, we can focus only on the
frequency-varying component of the pulse E(7,w) = E(w). If we apply a spectral phase

¢(w, z) to the pulse, we get:

E(w) — |E(w)e®@ei¢(«?) (1.28)

The spectral phase that is applied must depend on some variable z, which can be the
thickness of a dispersive material, the distance between two gratings, or other variables

depending on the type of compressor used.

The next step in the d-scan setup consists of the nonlinear signal generation. If we con-

sider SHG, in the time domain it simply consists of squaring the pulse itself:

. . 2
E(w,z) — E(t,z) = F 1 [|E(w)|el¢<w>el¢(wfz>} (1.29)

To measure the nonlinear signal, we must go back to the frequency domain (which is the
physical equivalence of measuring a signal in a typical spectrometer) and measure the

intensity of the nonlinear signal:
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2
-1 1 1 2
E(t,z) — T(w,z) = |]~" [}“ [|E(w) yelq’(w)e“i’(wfz)} ] (1.30)

where T(w, z) is the measured d-scan trace (henceforth called T};e05(w, 2)).

It is straightforward to simulate a d-scan trace, normally discretized into a matrix with N,
frequency points and N, dispersion points, if we have a known spectral power and phase.
The contrary, however, is not that simple. We have to resort to different methods to
retrieve the spectral power and phase. The retrieval process, therefore, now consists of,
after having a measured d-scan trace, finding the spectral power and phase that produce
a d-scan trace Ty, (w, z) that resembles the measured one the most. The measurement

of the quality of a retrieval is made through the error function G:

1 2
G = \/NWNZ ZJ (Tmm(a)i, %) — i Teim (i, zj)) (1.31)
The function u(w) is a parameter called the response function, which indirectly takes
into account aspects such as phase-matching, pulse propagation inside the nonlinear
medium, spectrometer response function, among others. It can be found by differentiating

G with respect to y, leading to:

Y Tneas(wi, 2j) Tsim (wi, 2)
Tszlm (wi’ Z])

pi(w)

(1.32)

It is more intuitive to measure the G error as a percentage, normalizing it by the energy

of the d-scan trace:

2
Zi,]‘ <Tmeus(wi/ Zj) - ,uiTsim(wir Zj))

G =
21‘,]’(Tmeas (wz’/ Zj))z

(1.33)

The retrieval of the spectral power and phase is made typically through optimization al-
gorithms, where the aim is to minimize the error function G. Several retrieval algorithms
have been applied to the dispersion-scan technique, such as multi-variable optimization
algorithms like the Nelder-Mead algorithm [28]. Other optimization algorithms have been
used more recently [45—48], as well as deep neural networks [49]. However, we will use
two different retrieval algorithms for the purpose of this work: the ptychographic retrieval

and the self-calibrating d-scan retrieval. More details will be presented later in the thesis.
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1.7. Purpose of this thesis

Currently established techniques do not provide significant information on the pulse train
instabilities themselves. Autocorrelation traces of unstable pulses present a coherent ar-
tifact peak at zero time delay. Still, no quantitative information can be extracted from
these measurements - except for an average time duration of the unstable pulse train.
Frequency-resolved optical gating (FROG) can be used to qualitatively separate the con-
tributions of the average pulse and the coherent artifact [50], but the quantification of these
instabilities remains a problem to be solved since the retrieval algorithms fail as soon as
the pulses become unstable which, with the added difficulty of some instabilities being
invisible to these pulse characterization techniques [51], making the pulse train instabil-
ities quantification a problem yet to be solved in pulse trains from ultrafast laser diodes.
In this thesis, we have developed a highly-sensitive dispersion-scan setup, capable of
compressing and characterizing pulses with energies as low as a few hundred fJ and ps
time duration. With this setup, we have achieved sub-ps ultrashort, stable pulses from
QD passively mode-locked laser diodes. By using the self-calibrating d-scan retrieval, we
have, for the first time, quantified pulse train instabilities in semiconductor laser diodes and
have studied the influence of driving conditions on these instabilities, as well as observed
different mode-locking regimes. We have also used a QD semiconductor optical amplifier
(SOA) to further increase the output power of these laser sources and investigated the
influence of the amplification process on the chirp, instability, and overall behavior of the
laser pulses. With this new knowledge, we hope that these results pave the way to shorter
and more energetic pulses directly from semiconductor laser diodes based on quantum

dot materials.
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2. Surface third-harmonic dispersion-scan with
ptychographic retrieval

This chapter contains the first results obtained in University of Porto, where we have
developed a new variant of the dispersion-scan technique, using surface third-harmonic
generation as the nonlinear signal, which allows retrieving pulses with arbitrary frequency
and bandwidth, only limited by the detection method. We have used this technique to
retrieve sub-10 fs ultrashort pulses from a Ti:Sapphire oscillator using a ptychographic
retrieval with a filter correction, being the first implementation of the ptychographic re-
trieval for ultrabroadband laser sources and, therefore, adequate for few-cycle pulses.

The results shown in this chapter were published in ref. [52].

2.1. Introduction

Although the first implementation of the d-scan technique used second harmonic genera-
tion as the nonlinear signal generation, several other variations have been implemented.
Implementations based on third-order nonlinearities, such as third-harmonic generation
[53, 54], cross-polarized wave (XPW) [55-57], self-diffraction (SD) [58, 59] and third-
harmonic in situ (THIS) [60], have been done, each implementation with its advantages.
The most commonly used nonlinear signal for a d-scan is SHG. However, this nonlinear
effect can be problematic when dealing with octave-spanning sources, due to the spectral
overlap between the fundamental and SHG beams (although certain implementations of
the d-scan take advantage of this overlap between these two beams to retrieve information
about the carrier-envelope phase (CEP) [61], or to access the absolute CEP of the pulses
in situ [62]. Third-harmonic generation has been demonstrated in d-scan using different
nonlinear mediums, such as graphene [53] or thin films of TiO, — SiO, with bandgaps
tailored for a particular spectral region [54]. However, these materials are not commonly
available and must be manufactured, with the added difficulty that their phase-matching
conditions change drastically for different spectral regions, which requires designing and

manufacturing samples for each particular region.

Surface third-harmonic generation (STHG) in standard optical interfaces, such as glass
or sapphire, could overcome these problems [63, 64]. Although having a lower efficiency

than third-harmonic generation in specific nonlinear crystals, it occurs at all interfaces and
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can be used to fully characterize the temporal profile of ultrashort pulses with arbitrary

bandwidth and center frequency, limited only by the detection process.

STHG has been demonstrated at the air/dielectric interface of crystalline sapphire wafers
at fundamental wavelengths of 1.595 um [65], using a standard Si-based spectrometer
to detect the nonlinear signal. By coupling a variable pulse compressor to this system, a
simple d-scan setup can be realized that should enable the full characterization of the tem-
poral profile of the used ultrashort pulses. Even for longer fundamental wavelengths, the
generation and detection of the STHG signal should be straightforward. For example, a
standard spectrometer with a silicon-based detector should enable d-scan measurements
of pulses with center frequencies up to 3 um. STHG-based FROG has been demonstrated
with approximately 100 fs pulses [66] and more recently with sub-10-fs pulses in the visi-
ble [67] and near-infrared [68] regions. However, to the best of our knowledge, no STHG

d-scan measurement using standard optical substrates has been reported so far.

In this work, we have developed a surface third-harmonic dispersion scan setup to com-
press and characterize 7 fs pulses from a Ti:Sapphire oscillator. The obtained results are
in very good agreement with standard SHG d-scans using a BBO crystal, showing that
STHG d-scan is a powerful tool to characterize ultrashort pulses, covering a wide spectral

range.

2.2. Experimental setup

The experimental setup for STHG d-scan is given in Fig. 2.1. In our experiments, we used
an ultra-broadband Ti:Sapphire laser oscillator (Femtolasers Rainbow CEP) delivering
pulses with a central wavelength of 800 nm, sub-10-fs duration, 2.5nJ of energy and a
repetition rate of 80 MHz. Like in most d-scan implementations, the setup comprises three
sections: a variable compressor (usually already in place and responsible for adjusting
the total dispersion applied to the laser pulse), a nonlinear signal generator (where the
STHG is performed) and a spectral measurement of the generated signal. In the variable
compressor, the beam undergoes 8 bounces off ultra-broadband double-chirped mirrors
(Laser Quantum Ltd) that introduce negative dispersion before crossing a pair of BK7-
glass wedges for variable dispersion compensation. One of the wedges is connected to a
motorized stage for scanning and fine-tuning the applied dispersion. The pulse energy is
adjusted with a variable neutral-density filter prior to the nonlinear section, where the beam
crosses a 0.5mm thick sapphire substrate and is focused back on the same substrate

with a concave silver-coated spherical mirror (f = 5cm) at an incidence angle of 19° (a
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smaller angle would have been preferable to minimize astigmatism, but this was the best
compromise in our setup given our beam size and the useful aperture of the components).
The peak intensity at the focus is of the order of 900 GW cm 2. The resulting STHG signal
is then collimated with an aluminum-coated concave spherical mirror with the same focal
length as the focusing mirror. Spherical mirrors were used instead of lenses to reduce
chromatic aberration. Note that high-quality, low scatter off-axis parabolic mirrors could
have been used instead. We opted for spherical mirrors at a relatively low incidence angle
due to their better quality focused spot and higher focused intensity compared to standard

off-axis parabolas.

The collinear fundamental and STHG beams are sent through a wavelength separator
composed of a set of two fused silica prisms, to spatially separate the two beams before
the spectral measurement. A double-pass scheme was used to remove spatial chirp (for
clarity, only one pass is shown in Fig.2.1). The spectrum of the STHG signal was then
recorded as a function of dispersion with a fiber-coupled spectrometer (Ocean Optics
HR4000) to obtain the measured STHG d-scan trace.

Ti:Sapphire Laser
Ao =800nm At < 10fs FS lens
RR=80MHz E =25n) Wavelength Separator  (f=7.5cm)

N~ /. P
| DCM 2 ' -

: i Al-mirror

' DCM 1 \\ - (f=5cm)

g BK7 |

' wedges!

' Sapphire
Stepper = VEDiubstrate
motor 5 Laptop

Figure 2.1: STHG d-scan experimental setup. DCM1,2: double-chirped mirrors. M1:
mirror. VNDF: variable neutral-density filter. FS: fused silica. Reproduced from [52].

We scanned the dispersion in 150 steps over a 4-mm wedge insertion range for both
techniques, using an integration time of 1.5 s for the STHG d-scan and 50 ms for the SHG

d-scan.
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2.3. Ptychographic retrieval

Since the obtained d-scan traces using STHG have relatively low signal-to-noise ratio
(SNR), the retrieval of the electric field of the pulses follows the recently developed pty-
chographic approach to pulse retrieval from 2D-traces [69—71], which shows promise for
retrieving complex pulses from incomplete traces and/or traces with low SNR [69] and
which we have adapted in order to extend its applicability to the important case of broad-
band few-cycle pulses. Ptychographic algorithms have been previously used for image
reconstruction in ultrafast electron [72] and X-ray [73] diffraction. It has been extended
to phase-only transfer functions [71] and used to retrieve FROG [69], and more recently,
d-scan traces [70], even for multi-mode retrievals [74]. This algorithm does not rely on
the minimization of an error function (such as the error function G defined previously), but
instead iteratively approximates the field by combining the field from a previous iteration

with the measured and the calculated d-scan traces via an adequate transfer function.

The ptychographic algorithm starts by applying the phase of the compressor ¢(w) to a

first guess of the pulse Ei(w), where k is the k — th position of the compressor being used:

X(w) = Eg(w)e?«) (2.1)

The algorithm then simulates the nonlinear effect being used, which in the case of SHG

is as follows:

2

pet) = (F7 {X(w)}) (22)

and in the case of STHG is:

) = (F {Xu(w)}) (2.3)

The corresponding complex spectral amplitude is given by:

Yi(w) = F {pu(t) } (2.4)

and the simulated d-scan trace, T,f””(w), can be modeled as:
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T (w) = [¥i(w)[? (2.5)

Following the ptychographic approach, a modulus constraint is applied:

P (w)
Y. (w) =/ Ti(w (2.6)
k( ) k( )‘Tk(wﬂ
where T (w) is the normalized measured d-scan trace. A new signal, ;(t), is then de-
termined by:
gi(t) = F 1 {¥i(w)} (2.7)

To obtain the new (iterated) field, a transfer function is computed, which for the second-

harmonic reads:

X{(5) = 5 [2%0) +

N (e(t) — ¢k(t))] (2.8)

and for the STHG variant reads:

1 (X (1))
3X.(t — 7
{ Ot ol

Xi(t) = 5 — (pi() - w(t))] (2.9)

where Xi(t) = F ! {Xi(w)}. This function is inspired by Newton’s method to compute
the square root. Going back to the frequency domain, X (w) = F (X, (t)), the phase of
the compressor is removed:

El(w) = X} (w)e ) (2.10)

Finally, the field is calculated as the arithmetic average of the previous fields over all N

dispersion points, i.e.:

N /
E(w) = Zk:lNEk(“’) 2.11)

It is important to note that Equation 2.8 is used to compute the fundamental field from the
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SHG field, which is equivalent to taking the square root in the time domain. However,
the main problem arises in the ambiguity that it generates, since there are two solutions
(two branches in the complex plane) to this computation and, depending on the solution
chosen, the retrieval algorithm can stagnate at a local minimum. To solve this problem,
the root choice is imposed by the modulus constraint together with the field averaging,
and Equation 2.8 preserves the choice [74]. A similar approach is made for the STHG

variant.

To test the efficiency of the ptychographic algorithm, we have simulated a d-scan trace
from a Gaussian spectrum with a center wavelength of 800 nm, capable of supporting
pulses with TL duration of 7fs, and have applied a spectral phase with TOD equal to
137.6fs®. The simulated and retrieved d-scan trace, together with the simulated and re-
trieved spectral power and phase, can be seen in Figure 2.2. The retrieved d-scan trace,
spectral power, and spectral phase are in excellent agreement with their counterparts,

with a G error equal to 0.03 %.
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Figure 2.2: Ptychographic retrieval of a pulse with a Gaussian profile (G = 0.03 %).

We have also tested the ptychographic algorithm with d-scan traces with a low signal-to-
noise ratio (SNR), by adding an intensity noise matrix that follows a Gaussian distribution
to the trace, with an intensity of 40 % of the trace intensity). The results can be seen in
Figure 2.3.

To prove the efficiency of the ptychographic algorithm, we have also retrieved more com-
plex spectral shapes, as can be seen in Figure 2.4. Once again, the retrieved d-scan
trace, spectral power, and spectral phase are in excellent agreement with their counter-

parts, with a G error equal to 0.09 %.

The ptychographic algorithm has only been adapted for d-scan traces very recently [70],
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Figure 2.3: Ptychographic retrieval of a pulse with a Gaussian profile, with 40 %
Gaussian noise (G = 0.54 %).
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Figure 2.4: Ptychographic retrieval of a pulse with a complex spectral profile (G =
0.09 %).

but was never used with ultrabroadband laser sources. This algorithm successfully re-
trieved both the spectrum and the phase of relatively long (40 fs) pulses derived from a
grating compressor. However, in our case of shorter, few-cycle pulses, with a broadband
spectrum, the ptychographic algorithm did not retrieve a spectral power that is in good

agreement with the experimental, measured spectrum.

We therefore introduced a new extension to the algorithm (see Fig. 2.5 for a flowchart
diagram describing the general aspects of the algorithm) to improve the accuracy of the
retrieved spectrum. We observed numerically that a first run of the algorithm (first stage)
yields a retrieved spectrum that can be significantly different from the directly measured
spectrum, which can be attributed to the fact that the generation of the nonlinear effect
is assumed to be ideal. With the retrieved trace and the acquired trace, it is possible to
calculate a spectral filter (Equation 1.32), and a new trace can be constructed by factoring
out the filter from the measured trace. With this new modified trace, the algorithm is run

again (second stage), where the retrieved spectrum is now close to the measured one.
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Figure 2.5: Flowchart diagram describing the ptychography algorithm with the filter
correction variation. E;(w): guess for the spectral power and phase (i'" iteration);
Ts"™i(w,z): simulated d-scan using the guess for the spectral power and phase (i*"
iteration); FPM: Forward Propagation Model; BPM: Backward Propagation Model; I:
position of the compressor; u(w): response function. Reproduced from [52].

In this work, the algorithm was implemented by Dr. Miguel Canhota, which also developed

and implemented the filter correction approach.
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2.4. Experimental results

The measured and the retrieved STHG d-scan using a sapphire plate can be seen in
Figure 2.6. One should note that all intensity values below 2% of the maximum are set
to zero in the plot (shown in white). All traces are 150 x 384 pixels in size (insertion x
frequency). One individual retrieval process comprises the two stages, including the filter
correction treatment, and takes around 4 seconds in the SHG variant and 5 seconds in the
STHG variant, using a 2019 AMD Ryzen 7 processor. The stopping criteria for each stage
is that the difference between consecutive simulated traces be less than 8 x 10~ percent.
For differences smaller than the one referred, some oscillations appeared in the spectrum,
and therefore the stopping criteria was adjusted to overcome this problem. The retrieved
d-scan trace shown corresponds to one out of 10 retrievals, performed for different initial
guesses (Gaussian spectra with random second- and third-order spectral phases). The
retrieved spectral phase and intensity used to reconstruct the pulse’s temporal profile are

the mean retrieved spectral phase and intensity of all retrievals.
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Figure 2.6: Measured (left) and retrieved (right) STHG d-scan using a 0.5 mm-thick
sapphire substrate. Reproduced from [52].

The mean d-scan error G is 8.1%, which is relatively high since the retrieval algorithm
does not retrieve the noise that appears on the d-scan trace. However, we were able to
reconstruct the main features of the STHG d-scan, namely the trace’s small tilt, caused
by residual third-order dispersion, and the small features that appear around the trace’s

center of mass.

The same retrieval process was applied to the measured SHG d-scan, whose measured

and retrieved traces can be seen in Figure 2.7.

In this case, the mean d-scan error G is 6.5%, and all the features were correctly re-

produced by the retrieval. Visually, both retrieved d-scan traces are very similar to the
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Figure 2.7: Measured (left) and retrieved (right) SHG d-scan using a 20 ym-thick BBO
crystal. Reproduced from [52].

measured ones. The retrieved spectral phases and amplitudes obtained from both tech-

niques are shown in Figure 2.8.
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Figure 2.8: Mean retrieved spectral phase and amplitude for SHG d-scan (orange and
red, respectively) and STHG d-scan (blue and purple, respectively), along with the
calculated standard deviation (shaded area). The black curve is an independent
measurement of the spectral power of the laser, and the green curve is an independent
spectral phase retrieval for SHG d-scan, using a standard retrieval algorithm.
Reproduced from [52].

We see that in the region with higher spectral power the retrieved spectral phases using
both techniques are in very good agreement. Both spectral phases diverge rapidly for
wavelengths lower than ~ 680 nm and are also relatively flat over the most significant

spectral region (=~ 680-960 nm).
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The spectral intensity retrieved using SHG d-scan is in excellent agreement with the mea-
sured one. However, the retrieved spectral intensity with the STHG d-scan has significant
differences compared to the measured one, which we attribute to the presence of astig-
matism induced by the silver-coated concave mirror. This effect was visible as small shifts
in the nonlinear signal frequencies that depend on the angle and distance between the
laser beam and the sapphire plate. The spectrum retrieved by the STHG d-scan has
smoother features than the measured spectrum, which could be attributed to the fact that
it is based on a third-order process and is thus less sensitive to the electric field when

compared to a second-order process.

For comparison, the retrieved spectral phase for SHG d-scan using a standard retrieval
algorithm is shown as well. It is clear that the spectral phase retrieved using the ptycho-
graphic algorithm is in excellent agreement with that retrieved by a standard algorithm.
The retrieved spectral phase for the STHG d-scan using a standard retrieval algorithm is
not shown here, due to the incapability of said algorithm to correctly retrieve the ultrashort

pulse, caused by the low signal-to-noise ratio of the measured STHG signal.

The retrieved temporal profile of the ultrashort pulse when using the two measuring tech-

niques is given in Figure 2.9.
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Figure 2.9: Pulse temporal profile retrieved by SHG d-scan (orange) and STHG d-scan
(dashed blue), using both the retrieved spectral amplitude and phase. Reproduced from
[52].

The agreement between both retrievals is very good, with a full-width-at-half maximum
(FWHM) pulse duration of (7.2 +0.1) fs (STHG d-scan) and (7.2 +0.2) fs (SHG d-scan).
If the pulses are plotted using the measured spectrum instead of the retrieved spectra,
they are virtually indistinguishable by eye, which again confirms the robustness of the

phase retrieval. In both cases, we observe a small post-pulse, a synonym of residual
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third-order dispersion, whose position is identical in both cases. These results are also in

good agreement with previously published measurements [27] of the same laser source.

2.5. Conclusions and future work

We have demonstrated surface THG d-scan measurements of few-cycle laser pulses
using a 0.5 mm-thick sapphire substrate as the nonlinear medium and a ptychographic
retrieval algorithm adapted to broadband pulses by introducing a second retrieval step
to account for the non-ideal nature of the nonlinearity and fully retrieve the pulses (spec-
trum and phase) without the need to calibrate the measured nonlinear signal in intensity.
These results are in very good agreement with the established technique of SHG d-scan
based on BBO crystals, showing that surface THG d-scan is a powerful technique for the
simultaneous characterization and compression of ultrashort pulses. Although this filter
correction approach was applied to the ptychographic algorithm, it is not exclusive to it,

and could be used in other full-field d-scan retrieval algorithms.

The intrinsic broadband nature of STHG should allow the full characterization of ultra-
short pulses with arbitrary frequencies and bandwidth via d-scan, only limited by the de-
tection method. For example, using a standard, Si-based spectrometer, STHG signals
with wavelength up to 1 um can be easily measured, which means that pulses with cen-
tral wavelengths up to 3 um can be characterized using this technique and a standard
spectrometer, and therefore characterizing pulses in the mid-infrared (MIR) region is the

next step for the STHG d-scan.
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3. Highly-sensitive dispersion-scan setup for the

characterization of semiconductor mode-locked
laser diodes

In this chapter, we will describe the design and development of a highly-sensitive dispersion-
scan setup, capable of measuring low-power ultrashort pulses with ps time durations. This
setup was implemented to fully compress and characterize pulses from a semiconductor
mode-locked laser diode with quantum-dots as the gain medium. Part of this work was

published in refs. [75, 76].

3.1. Semiconductor laser diodes

The first semiconductor laser was created in 1962, using GaAs and GaAsP homostructure
p-n junctions [77], having continuously improved over the years [78]. However, a new
revolution was starting, when the word "quantum” started to make its way in the ultrashort

laser pulse world.

Let us start by defining the de Broglie wavelength Ag:

Ag = (3.1)

where h is Planck’s constant, m* is the electron effective mass, and E is the energy. The
de Broglie wavelength is in the order of tens of nanometers for 11I-V compound semicon-
ductors. If one of the dimensions of the active region can be confined to the de Broglie
wavelength, the electrons will be confined in one dimension as well [79]. Depending
on the number of confined dimensions, we can create quantum wells (1D confinement),
quantum wires or quantum dashes (2D confinement), or quantum dots (3D confinement).
This will drastically change the density of states, which becomes quantized, as seen in

Figure 3.1.

Lasers based on these structures allow higher optical gain per injected carrier, lower tem-
perature dependence, and overall higher power output and efficiency [81]. In the case of
quantum dots (QDs), the charge carriers can only occupy a restricted set of levels, being

sometimes called "artificial atoms” due to their resemblance with electrons in an atom.
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E

Figure 3.1: Schematic representation and respective density of states of bulk (a),
quantum well (b), quantum wire (c), and quantum dot (d) semiconductors [80].

3.2. Mode-locking in semiconductor lasers

Mode-locked semiconductor lasers have proven to be useful tools in ultrafast science,
generating short pulses with high repetition rates, depending on the laser structure and
mode-locking technique [82]. Mode-locking in semiconductor lasers occurs mainly in
three ways: active mode-locking, passive mode-locking, and hybrid mode-locking. For

the purpose of this thesis, we will focus our attention on passive mode-locking.

Passive mode-locking can be implemented by introducing a saturable absorber (SA)
within the laser, electrically isolated from the gain section, for an independent control
of both sections. In a saturable absorber, the loss decreases as the optical intensity in-
creases, which can be a self-starting mechanism for mode-locking. A DC negative voltage
(reverse bias) is applied to control the absorption recovery time in the saturable absorber.
It can be implemented at the edge of the device, usually called a two-section laser, or in
the center of the device - in that case, to enable colliding pulse mode-locking (CPM) [83].
Passive mode-locking also allows for high repetition rates, dictated by the cavity length

[84, 85].

When the laser is started, the modes oscillate with random, non-correlated phases, cre-
ating noise bursts. However, if one of these bursts is energetic enough, it will bleach
the saturable absorber and, at the peak of the burst, the losses will be smaller. At the
same time, the low-intensity wings will be attenuated, thus starting the pulse generation

process.

The gain and absorption dynamics play a key role in pulse shaping. In a steady state, the
unsaturated losses prevail over the gain. However, when the leading edge of the pulse

enters the saturable absorber, the losses are saturated at a higher pace than the gain, thus
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creating a net gain window that allows for pulse formation (see Figure 3.2). Applying a
reverse bias to the saturable absorber leads to a faster sweep-out of the photogenerated
carriers, allowing for a faster absorption recovery. Increasing the reverse bias further

decreases the absorption recovery time, thus allowing for pulse shortening [86].

It is important to mention that this temporal description of mode-locking is completely
related to its description in the frequency domain. The noise bursts described result from
an instantaneous phase-locking of several modes, which are favored by the saturable
absorber instead of the low-power CW noise.
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Figure 3.2: (a) lllustration of a two-section passively mode-locked quantum-dot laser.
(b) Gain and loss dynamics in a quantum-dot laser with a saturable absorber.
Reproduced from [86].

3.3. The advantages of quantum-dots as gain media

There must be a net gain window to generate pulses in semiconductor lasers, which
can only be created if the absorption saturates quicker than the gain and the absorption
recovers faster than the gain, so that the losses saturate more greatly than the gain. In
this case, the saturation energy of the gain section must be higher than the one of the

absorption section, or in other words, the stability parameter [82]:

E hvA hvA
S — sat,g,_ Esat,g _ v v

- Esat,a ag/aN;Esat,u = aﬂl/aN (32)

must be greater than one (where E; ¢ is the saturation energy of the gain section and
Esatq is the saturation energy of the absorber, /1 is the Planck’s constant, v is the optical

frequency, and dg/dN and da/dN are the differential gain and loss, respectively).

Let’'s compare the normalized modal gain in bulk materials, quantum wells, and quantum
dots (see Figure 3.3 for more details). Quantum dots are the clear winner since, due to

their discrete density of states, the modal gain saturates more strongly with the carrier



FCUP|HW|UA|UM | 34
Towards ultrafast and ultra-compact lasers: uncovering ultrashort pulse
generation mechanisms in semiconductor lasers with novel characterization approaches
density, leading to a lower differential gain and, therefore, a higher stability parameter,

making them the ideal candidates for stable mode-locking.

Normalized modal gain
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Figure 3.3: Normalized modal gain vs carrier density for bulk, quantum well and
quantum dot systems [87].

Quantum dots also offer a broad gain bandwidth, due to the inhomogeneous broadening
caused by their size distribution (see Figure 3.4). This broad gain curve should allow the
generation of sub-100 fs pulses if the dispersion effects are effectively minimized, and the
amplification of broad laser sources, as demonstrated with the amplification of both CW

sources [88] and sub-200 fs pulses [89].

| >
| E
E

Figure 3.4: Left: ideal QD system, with all the QDs having the same size, and
respective density of states D(E). Right: real QD system, with an inhomogeneous
broadening depicted in the density of states, caused by the Gaussian size distribution of
the quantum dots. Reproduced from [86].



FCUP |HW|UA|UM | 35
Towards ultrafast and ultra-compact lasers: uncovering ultrashort pulse
generation mechanisms in semiconductor lasers with novel characterization approaches

Quantum dot materials also provide ultrafast carrier dynamics, exhibiting ultrafast gain
and absorption recovery [90] with sub-ps carrier recovery observed in a quantum dot
absorption modulator when a reverse bias is applied [91]. Other properties, such as a
low threshold current [92] and low temperature sensitivity [93], make quantum dots as the

ideal semiconductor medium for the generation of ultrashort, high-power laser pulses.

3.4. Mode-locked quantum-dot lasers

The first demonstration of a mode-locked quantum dot laser happened in 2001 [84], with
a repetition rate of 7.4 GHz and pulse duration of ~ 17 ps at 1.3 um. In 2004, transform-

limited 10 ps pulses were obtained at 18 GHz at the same wavelength [94].

The first sub-ps pulses obtained directly from monolithic quantum-dot mode-locked lasers
were achieved in 2004 [95], where pulse durations of 390 fs were observed at high values
of drive current and reverse bias, with a broad spectrum of 14 nm and output power of
45 mW for mode-locked operation. After this major achievement, other reports of sub-ps
pulses were published [96]. The usage of a tapered waveguide to increase the modal area
in the gain section and, consequently, increase its saturation energy has also been stud-
ied [87, 97]. This technique allowed for reducing pulse broadening due to gain saturation
and generating higher power pulses that can saturate the absorber section waveguide
(narrower than the gain section waveguide) more effectively, granting access to sub-ps
pulses directly from the laser source. It is important to note that, in general, quantum-
dot lasers can also be operated in a broad range of temperatures [98, 99]. Especially,
Finch et al. [100] have operated an InAs quantum dot laser at extremely low tempera-
tures (20 K), which slows the emission of carriers to the wetting layer, allowing for a wider
gain spectrum available and for pulses with temporal widths as low as 290fs. The gener-
ation of ultrashort pulses from mode-locked quantum-dot lasers has also been achieved

in different wavelength bands, namely at 1.5 um [101].

Regarding the achievable repetition rate of the laser, several efforts have been made to
increase this value to its maximum. By simply increasing the number of QD layers, shorter
cavity lengths were possible and a high repetition rate of 80 GHz was achieved [96]. Other
efforts include harmonic mode-locking, where more than two pulses circulate in the cavity
(the harmonic dictates the number of pulses). This technique has demonstrated repetition

rates up to 240 GHz [102].
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3.5. State of the art in low-power, long pulse duration pulse mea-
surements

Semiconductor laser diodes typically generate high repetition rate, low power pulses with

a long pulse duration (in the ps domain), leading to very chirped pulses with pJ energies

and less than a Watt of peak power. The difficulty of characterizing these laser sources

has led to many advances in the field of ultrashort laser pulse characterization. We will

present a brief state-of-the-art regarding the characterization of such low-power, long-

duration pulses, specifically from semiconductor lasers.

3.5.1 Frequency-Resolved Optical Gating

In 2008, Xin et al. [25] developed a highly sensitive FROG device, allowing the first FROG
measurements of quantum-dot mode-locked lasers. The authors successfully character-
ized 5.0 — 6.3 ps pulses obtained from a 5 GHz repetition rate, 4.3 nm bandwidth optimized
six-stack dots-in-a-well (DWELL) laser structure, grown in a GaAs substrate. Regarding
the FROG setup, the SHG signal was generated using a 1 mm-thick lithium iodate (Li1O3)
crystal, which was then coupled into a monochromator with a photomultiplier tube (PMT).
In 2009, the characterization of 40 GHz, 1526 nm quantum dash lasers was achieved [103],
using a standard FROG setup. However, an Erbium-doped fiber amplifier (EDFA) was
used to increase the optical power of the laser. In the next year, Schmeckebier et al.
[104] used SHG-FROG to characterize pulses from an AlGaAs/GaAs-based quantum-dot
monolithic mode-locked laser, with a central wavelength of 1.31 ym and a repetition rate
of 40 GHz. Their setup comprised a highly-sensitive SHG detection method, consisting
of a monochromator, together with an extremely sensitive charge-coupled device (CCD),
achieving low noise detection for pulses with energy down to 9fJ and a peak power of
3.5mW.

Li et al. [23] have also characterized, in 2013, pulses from a InAs/InGaAs quantum-
dot monolithic mode-locked laser, with central wavelength of 1241 nm and bandwidths
of 2 — 3nm, resulting in pulses with FWHM of a few picoseconds, using SHG-FROG. An
aperiodically-poled LiNO; (a-PPLN) waveguided crystal with a 45.4 mm long poling region
was used as the SHG medium. Apodization was used to flatten the bandwidth of the poled
grating waveguide over 20 nm. Two 40 x objectives were used to couple the light into and
out of the waveguide. The second-harmonic signal was then coupled to a highly-sensitive

Ocean Optics QE65000 spectrometer, allowing near real-time acquisition.
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3.5.2 Frequency-Resolved Mach-Zender Gating

An interesting variation of the FROG technique is the Frequency-Resolved Mach-Zender
Gating (FRMZG), which uses the same principle as frequency-resolved electro-absorption
gating [105], but with a Mach-Zender modulator as a gate, with the advantage of being a
linear technique capable of measuring extremely low power pulses. This technique has
been implemented by Habruseva et al. [106], to successfully characterize an optically

injected, 10 GHz, 1295 nm QD laser.

3.5.3 Stepped heterodyne detection

With the advantage of being a linear, self-referenced method, the stepped heterodyne
detection [107] is another option for the characterization of low-power ultrashort laser
pulses. In this technique, the to-be-characterized pulse is mixed with an optical local
oscillator positioned between two optical modes. The interference between the oscillator
and the adjacent modes (which is measured in a real-time oscilloscope), allows measuring

both the amplitude of the modes and the phase between them.

In 2011, Murdoch et al. [108] presented a variation of this method, where they introduced
an electronic oscillator to the setup, which improves the setup’s capability of measuring
pulses with extremely high repetition rates (up to 100 GHz), and used this setup to measure

40 GHz pulses from a quantum-dash mode-locked laser.

3.5.4 Sonogram

The sonogram technique was used by Stolarz et al. [109] to characterize pulses from
a 35GHz, 1.5um semiconductor mode-locked laser. This technique relies on cross-
correlating a spectrally filtered pulse with a replica of the pulse on a quasi-instantaneous
detector (for example, a two-photon absorption detector), creating a sonogram trace that
is a time-frequency representation of the pulse and measures the group delay of each
frequency component [110] *, allowing the complete characterization of ultrashort pulses
while being free from the time-direction ambiguity from which FROG suffers. It has clear
advantages over standard pulse diagnostic methods, such as a broad detection band-
width with low polarization sensitivity [111] and the lack of need for phase-matching [112],
providing a simple measurement procedure due to the direct conversion of an optical sig-

nal into a photocurrent. Using a photomultiplier tube (PMT) as the two-photon absorption

*It can be seen as a FROG measurement in the time domain, where the spectral filtering precedes the
temporal gating
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detector allows measuring pulses with energies as low as 10fJ and peak powers of 5 mW
[109].

3.5.5 Shifted Wave Interference Fourier Transform Spectroscopy

Shifted Wave Interference Fourier Transform Spectroscopy, or SWIFTS, for short, is a lin-
ear technique that allows measuring the phase coherence of a comb spectrum, by using
intermode beat spectroscopy to measure the degree of coherence [113, 114]. Also, the
complex part of the SWIFTS spectrum equals the phase difference between two adjacent
modes, allowing the extraction of the time-dependent intensity and time-dependent fre-
quency. This technique has been used to study injection-locked quantum-cascade laser

frequency combs [115], regarding phase coherence and temporal profile.

3.6. The advantages of dispersion-scan

The previously introduced techniques have been successfully implemented to character-
ize pulses with low power and long durations, such as those from semiconductor laser
diodes. However, d-scan has some clear advantages compared to the referred tech-
niques. First, it is a fully inline and easy to implement setup, without the need for beam
splitting. Second, a single d-scan trace provides information about the spectral power and
phase of the pulses (such as the other techniques), but also allows for the simultaneous
compression of the measured pulses, due to the existence of a compressor built into the
d-scan setup. Third, the d-scan technique has the possibility to retrieve the compressed
pulses in all the N, points of compression with a single d-scan trace, which has a N.-fold
advantage in terms of the number of measurements needed compared to the referred
techniques. And fourth, it allows us to gain further information regarding pulse train in-
stabilities, which will prove useful in the next chapters. With this information, we have
decided to build a d-scan setup that is modified to accommodate for the low power and

long duration nature of the studied laser sources.

3.7. Used quantum-dot laser

The QD laser used in these experiments is a two-section QD laser, with an active re-
gion composed of multiple layers of InAs/GaAs QDs, grown and fabricated by Innolume
(GmbH). The total laser length is 8 mm, with a saturable absorber to total length ratio of
11%, similar to the laser used in [116]. The distributed saturable absorber consists of

3 sections with 0.3 mm each, located near the back-facet of the laser and interspersed
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between 0.7 mm gain sections. The gain and absorption sections are electrically isolated

from each other. A schematic of the QD laser can be seen in Figure 3.5.
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Figure 3.5: Schematic representation of the QD laser used in these experiments, with a
distributed saturable absorber.

The back/front facets of the laser were coated with high-reflectivity/low-reflectivity coat-
ings, respectively. The device was kept at a constant temperature of 20 °C via a feedback-
controlled Peltier cooler. The laser is passively mode-locked by applying a forward drive
current to the gain section (I, ), while applying a reverse bias voltage (V) to the sat-
urable absorber. As a result, a train of pulses with a typical pulse repetition rate of around

5 GHz is obtained. The used QD laser can be seen in Figure 3.6.
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Figure 3.6: QD laser used throughout the experiments.

3.8. Setup design

The first implementations of the d-scan technique used chirped mirrors [27], to introduce
negative dispersion and glass wedges, to introduce fine-tuned amounts of positive disper-
sion. The nonlinear signal generation and measurement consisted of a BBO crystal, for
SHG, and a standard spectrometer, to frequency-resolve the nonlinear signal. However,
due to the long-duration and low-power nature of mode-locked laser diodes, the setup
needs to be changed, to accommodate for these conditions, as will be explained in the

following sections.
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A schematic of the full setup* can be seen in Figure 3.7. The laser output is launched into a
highly-sensitive d-scan setup through an optical isolator with ~ 60 dB isolation, to mitigate
accidental retroreflections, which could de-stabilize the laser, thereby ensuring that any
instabilities observed are intrinsic to the laser. The main d-scan setup is divided into three
main sections: pulse compression (section S1), nonlinear signal generation (section S2),
and nonlinear signal detection (section S3). Each of these sections will be described
in the next sections. To search for mode-locking regimes, we have also fiber-coupled
the laser beam to a 29 GHz photodetector (Picometrix D-15), connected to a 26.5 GHz
electrical spectrum analyzer (Agilent E4407B), to measure the RF spectrum. For each d-
scan measurement, an independent measurement of the fundamental spectrum is made,

using an optical spectrum analyzer (OSA, Anritsu MS9710C).
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Figure 3.7: Experimental setup. Blue section (S1): compressor system, based on a
single-grating four-pass configuration. Green section (S2): nonlinear signal generation.
Red section (S3): Nonlinear signal frequency-resolved detection. RR: repetition rate.
Al2: half-wave plate. M1: mirror. HRM: hollow-roof mirror. RRM: retroreflector mirror.
PMT: photomultiplier tube. Since the incoming and outgoing beams of the compressor
have different heights, the mirror M1 is only aligned for the outgoing beam. For the first
and second pass on the grating, the hollow-roof mirror is at a different height, to allow
light to enter the compressor. Adapted from [75, 76].

The setup is remotely controlled by a USB connection, using a LabView ™program de-
signed and implemented specifically for this project. The experimental setup can be seen

in Figure 3.8 and Figure 3.9.

*Optical components drawn using: ComponentLibrary by Alexander Franzen, licensed under a Creative
Commons Attribution-NonCommercial 3.0 Unported License.
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Monochromator

Figure 3.9: Experimental d-scan setup, side perspective. The black box is needed to
reduce stray light captured by the photomultiplier tube.

3.8.1 Pulse compression

Due to the highly chirped nature and low spectral bandwidth of the pulses generated in
these laser sources, a compressor that can introduce a Group Delay Dispersion in the
order of a few ps? is needed. This problem is solved by using a grating compressor,
which allows introducing dispersion in this order of magnitude. The compressor used in
this setup is a single-grating compressor [34, 117], which is a variation of the standard
grating compressor. In this variation, one of the gratings is replaced with a retroreflector

mirror, as shown in Figure 3.10.

In this compressor, the distance between the retroreflector mirror and the grating dictates
the amount of dispersion applied to the pulse train, whereas the angle of incidence of the

grating tunes the wavelength for compression. The single-grating variant allows for pulse
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Figure 3.10: Single-grating compressor implementation.

compression without the need for complex alignments, and with minimization of angular
dispersion, pulse-front tilt, and spatial chirp [34]. The GVD introduced by the compressor

is given by [118]:

2172
GVD(A) = _m/:\z; [1 - (3 - sinl90> ] (3.3)

where A is the wavelength, c is the speed of light, ¢! is the groove density and ¢ is the
angle of incidence. The total GDD introduced by the compressor at a specific wavelength
is given by multiplying the GVD by L, which is double the distance between the grating

and the retroreflector mirror. The TOD introduced by the compressor is given by [118]:

~ 3A 1+ bsindy — sin®d

0

GDD(A) (3.4)
2
27e 1-— <% — sim?o>

TOD(A) =

The phase introduced by the compressor can be approximated by the Taylor series:

o(w) = %GDD(CUQ)(CU — w2+ %TOD(wO)(w — ) (3.5)

where w is the angular frequency and wy = 27tc/Ag is the central angular frequency,

which is defined for the Taylor expansion.

Since the chirp of the pulses changes significantly with driving conditions, two different
gratings had to be used to accommodate the range of dispersion needed: one with 600

lines/mm and a blaze wavelength of 1.25 ym (Thorlabs GR50-0613), with an angle of
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incidence of 45° yielding a GVD value of -2.59 ps?’/m@1265 nm and a TOD/L value of
0.00543 ps®/m, and one with 830 lines/mm and a blaze wavelength of 1.2 um (Laser-
Components HR-R-R-830/1200-F-50X50X9.5), with an angle of incidence of 55° yielding
a GVD value of -5.36 ps>/m@1265 nm and a TOD/L value of 0.0136 ps®/m. Due to the
different angles of incidence, for the first grating, the total distance range L is approx-
imately 0.478 m, yielding a GDD range of —1.243 ps? (from —0.267 to —1.51ps?) and a
TOD range of 0.00244 ps® (from 0.00559 to 0.00315 ps?), and for the second grating, the
total distance range is approximately 0.466 m, yielding a GDD range of —2.494 ps? (from
—0.536 to —3.03 ps?) and a TOD range of 0.00632 ps® (from 0.00136 to 0.00768 ps®). The
maximum and minimum distances are limited by the linear motorized stage used and the
setup geometry since the motorized stage crosses the path of the beam going from the
QD laser to the compressor, which reduces the total length that can be used in the stage

without blocking the incoming beam.

To test the efficiency of the single-grating compressor, we have applied it to the QD laser
studied in this thesis. We have used the grating with 600 lines/mm and a blaze wave-
length of 1.25 um. The used corner cube consisted of a hollow retroreflector mirror (Thor-
labs HRR203-P01), which is coupled to a 100-mm high-precision motorized linear motor
(Zaber X-LSM100A-KX13AG), to change the distance to the grating. We should note that,
for the second part of the experiment, due to the high chirp of the studied pulses, a high
range of applied dispersion is needed to measure a full d-scan trace without cropping
the signal, so we changed the motor to a Zaber X-LSQ300B-KX13CG, which allows for
a 300-mm displacement. The roof mirror was a gold-coated, hollow-roof mirror (Thorlabs
HRS1015-M03). The beam undergoes 4 reflections in the grating, due to the reflections
on the retroreflector mirror and the hollow-roof mirror. To maximize the output power of
the compressor, a half-wave plate is introduced beforehand, enabling to match the polar-

ization direction to that of maximum efficiency in the diffraction grating.

After the single-grating compressor, we fiber-coupled the laser beam to a commercial
autocorrelator (A.P.E. PulseCheck NX) and measured the autocorrelation traces of the
pulses. We have assumed a sech? pulse shape, whose autocorrelation trace is well known,

and automatically fitted by the autocorrelator software, providing a value for the FWHM.

We have calculated the FWHM of the obtained pulses for different distances between the
grating and the retroreflector mirror (which dictates the amount of dispersion introduced

to the pulses). An example of three autocorrelations obtained for a driving current of 230
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mA and reverse bias voltage of 5.8 V, for three different grating distances, can be seen

in Figure 3.11.
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Figure 3.11: Autocorrelation traces (blue curve) and autocorrelation fit assuming a sech?
pulse (orange curve) for pulses obtained at a driving current of 230 mA and a reverse
bias voltage of 5.8 V, for distances between the grating and the retroreflector mirror of
29.2 cm, 38.6 cm, and 48 cm.

It is clear that the pulse duration changes if we change the distance between the grating

and the retroreflector mirror. If we measure the evolution of the FWHM with the grating

distance for different driving conditions, we get the results presented in Figure 3.12.
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We can see that the FWHM of the pulses changes with the distance between the grating
and the retroreflector mirror, which is a clear sign that the single-grating compressor is
working as intended. If we consider, for example, the data obtained for a driving current
of 230 mA and a reverse bias voltage of 5.8 V (red curve of the bottom left graphic of
Figure 3.12), we can see that there is a point where the pulse duration is as low as possible
for these conditions, meaning that we were able to obtain the shortest pulse duration
obtainable with the used compressor. We can also conclude that the grating distance
for which the pulses are optimally compressed, which is fully related to the chirp of the
pulses, depends on the driving conditions of the QD laser. The chirp increases with the
driving current but decreases with the reverse bias voltage applied to the laser. These
preliminary results show that the single-grating compressor works as intended, and we

can now proceed to the nonlinear signal generation and detection section.

An important feature that needs to be analyzed is the grating compressor efficiency re-
garding output power. Since the grating has reflection losses, and the beam undergoes 4
passes on the grating, the power losses will be relatively high. For the 600 lines/mm grat-
ing, the output power efficiency was calculated to be approximately 27% from the whole
compressor setup, while for the 830 lines/mm grating, this value is increased to around
40%. Although these values are relatively low, they can easily be optimized using bespoke

gratings with even higher efficiency at the wavelengths of interest.

3.8.2 Nonlinear signal generation

A solid choice for the nonlinear crystal that can provide a high conversion efficiency would
be a fiber-coupled waveguided a-PPLN, but the extremely high price of this component is
adisadvantage. Also, waveguided a-PPLN is not flexible, since changing the fundamental
wavelength would mean that it would be necessary to change the grating period as well,
which would drastically increase the cost of the setup. We have chosen to use a lithium
iodate (LiIOs3) crystal, having good SHG efficiency for the wavelengths of interest. The
laser beam is focused on a LiIOs crystal, generating a second-harmonic signal. The initial
measurements were made with a 5-mm thick crystal, with an acceptance bandwidth of
5 — 6 nm@1262 nm which was later changed to a 1-mm thick crystal with an acceptance
bandwidth of 25 — 30 nm@1262 nm to ensure that the acceptance bandwidth was not a
limiting factor, with the trade-off of having a lower second harmonic signal. It is important
to note that the d-scan measurements did not change when exchanging the crystals,

which means that this change did not affect our results.
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Both crystals were cut with a cut angle of 25.3°, to maximize the phase-matching con-
ditions for type | SHG, and have anti-reflective (AR) coating at 1262 + 631 nm. Another
half-wave plate is used before the nonlinear crystal to match the polarization of the laser
beam to that of the crystal, to maximize the nonlinear signal intensity. By using a highly-
sensitive power meter (Thorlabs S130C), we were able to detect the second harmonic
signal and maximize it by adjusting the tilt/tip of the crystal positioning mount, maximizing
the phase-matching conditions for SHG. The total integrated SHG power obtainable was

a few nW.

3.8.3 Nonlinear signal detection

Due to the low SHG power obtained, frequency-resolving and detecting this signal proved
to be a demanding task. The obtainable SHG power is not sufficient to be frequency-
resolved and measured in a typical spectrometer, and the process of fiber-coupling the
signal to an optical spectrum analyser introduces losses that compound the problem.
Therefore, in the nonlinear signal detection, a monochromator was used in conjunction
with a PMT. The fundamental signal is blocked by a high-quality, high-pass frequency
filter (Thorlabs FESHO0800), and the second-harmonic signal is then steered and focused,
using a2 cm focal length lens, into a monochromator (Zolix Omni A-300), which frequency-
resolves the nonlinear signal with a wavelength resolution up to 0.1 nm. It is important to
note that light should be focused into the monochromator at a specific focal length, dictated
by the monochromator itself. A lower focal length would create losses because a portion
of the collimated light misses the grating inside the monochromator, and a higher focal
length creates losses as well, because the image of the radiating element on the slit is
larger than required, creating system efficiency losses. Therefore, the focal length used

was chosen to minimize coupling losses.

This signal is then focused, using a 15-cm focal length lens (Thorlabs LA1433-ML) onto
a highly-sensitive GaAsP photomultiplier tube (Thorlabs PMT2101/M), with an estimated
radiant sensitivity of approximately 160 mA/W@630 nm. This PMT features an integrated
transimpendance amplifier, which converts the output current from the PMT to a voltage

with further amplification, yielding a signal that is equal to:

V=TGxSxGxP (3.6)
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where V is the output voltage from the transimpendance amplifier, TG is the transim-
pendance gain, S is the radiant sensitivity, G is the gain of the PMT and P is the input
optical power. The PMT is coupled to a highly-sensitive multimeter (Keithley DMM6500),
which allows frequency-resolving the nonlinear signal and measuring the resultant ul-

tralow power signal with a high resolution.

As an example, let us assume an input optical power of 1 nW, which is in the order of
magnitude of the average integrated SHG power obtained in our measurements prior
to the monochromator. If we assume a nonlinear SHG signal with approximately 2 nm
of spectral bandwidth and using a monochromator resolution of 0.1 nm, the integrated
SHG power would be frequency-resolved in 200 slices with optical powers in the order of
magnitude of 5 pW. Assuming a radiant sensitivity as defined before, a transimpendance
amplifier gain of 11000 V/A and an estimated PMT gain of 10°, we would get a voltage
signal in the order of 10mV, which is completely measurable using a highly-sensitive
multimeter. We should note that the saturation voltage of the PMT is 1.5V. With this in
mind, we can assume that the signal is strong enough to be frequency-resolved using the

monochromator.

For each position of the Zaber motor, we scan the wavelength of the monochromator, to
get a frequency-resolved measurement of the nonlinear signal, giving rise to a 2D d-scan

trace measurement.

3.8.4 Monochromator calibration

We have tested this setup by measuring a d-scan trace of pulses obtained at different
values of drive current and reverse bias voltage. However, we quickly noticed that the
monochromator was not calibrated, since the retrieved fundamental spectrum has the
same shape but was frequency-shifted compared to the measured one. To calibrate the
monochromator, we did not change anything in its mechanical components, but instead
applied a post-processing calibration function to the measured wavelengths. In this case,
we have used a broadband calibration light source (Thorlabs CSL1), which contained
very defined peaks in the region of interest (wavelengths corresponding to the second-
harmonic signal of the fundamental spectrum of the QD laser). We have then measured
the monochromator wavelengths where the peaks appeared and, by plotting them against
the actual peak wavelengths (see Figure 3.13), we have obtained a calibration curve that

can be applied to the measured data.
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Figure 3.13: Monochromator calibration curve. The linear fit will be used as a
post-processing calibration curve for the measured wavelengths in the monochromator.

The calibration curve is given by:

Agetual = 1.004A 0 — 1.006 (3.7)

where A, ¢ is the wavelength measured in the monochromator (in nm), and A, is the

actual, corrected wavelength (in nm).

3.9. D-scan measurement and retrieval

To test the d-scan experimental setup, we have measured a d-scan trace for pulses ob-
tained at I, = 230mA and V,,; = 5.4V. We performed a d-scan measurement, obtain-
inga 50 x 70 matrix (50 dispersion points x 70 wavelength points). For all measurements,
we perform a background signal trace measurement, to subtract from the measured d-
scan trace. We have interpolated the wavelengths into a frequency array, obtaining a 50
x 104 matrix (50 dispersion points x 104 frequency points). For this measurement, in
the single-grating compressor, we have used the grating with 600 lines/mm and a blaze
wavelength of 1.25 um. Due to the low-power nature of the measured pulses, the obtained
d-scan trace suffers from a non-negligible noise. Therefore, a good choice for the retrieval
algorithm is the ptychographic algorithm, which can successfully retrieve pulses from low
SNR traces. Since the bandwidth of the measured optical spectrum is relatively narrow,
the filter correction introduced in the previous chapter is unnecessary, and a simple pty-
chographic retrieval can be implemented. We have performed a set of 10 retrievals and
calculated the retrieved spectral power and phase as the average of the individually re-

trieved spectral power and phase in each retrieval process. The measured and retrieved
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d-scan trace and the retrieved optical pulse in the frequency and time domain can be seen

in Figure 3.14.
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Figure 3.14: Measured (top left) and retrieved (top right) d-scan traces for pulses
obtained at I,;;, = 230mA and V;,; = 5.4V. Retrieved pulse in the frequency (bottom
left) and time (bottom right) domain.

In this retrieval process, the measured d-scan trace is divided by the frequency-dependent
response function u(w), to calibrate the trace effectively. This function is calculated as
expressed in Equation 1.32. The mean d-scan error G is 6.6 %, a relatively high value
that can be explained by the presence of noise in the d-scan trace (the retrieval algorithm
does not retrieve the noise present in the trace). Nevertheless, the retrieved d-scan trace,
as well as the retrieved spectral power, are in excellent agreement with their measured

counterparts.

Regarding the spectral phase, there is a strong second-order dispersion, which causes a
strong temporal broadening as visualized in the temporal domain. The obtained, uncom-
pressed pulse is asymmetric, which will be explained in the next chapter. Regarding the
compressibility efficiency of the compressor, we see that the compressed pulse is in the
sub-ps regime, and the compressed pulse duration is close to the transform-limit pulse

duration, which proves the efficiency of the used single-grating compressor.

3.9.1 Pulse measurement across the dispersion range

One of the advantages of d-scan is the possibility of characterizing not only the uncom-

pressed pulse but also all the pulses obtained at different values of introduced dispersion.
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This allows obtaining (and characterizing) different pulse shapes at the output of the com-
pressor according to the dispersion applied to the pulse itself. As an example, we present
the pulse shape evolution for the pulses obtained at I, = 230 mA and V;;,; = 5.4V with

the distance between the grating and the retroreflector mirror in Figure 3.15.
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Figure 3.15: Evolution of the temporal profile of the retrieved pulse with the dispersion
applied to the pulse driven at Ip,;;,, = 230mA and Vy;,; = 5.4 V. The grating with 600
lines/mm and a blaze wavelength of 1.25 um was used in the single-grating compressor.

At low values of applied dispersion, the pulse is asymmetric. However, as we increase
the dispersion applied to the pulse, the trailing edge narrows, until we reach the minimum
pulse duration obtainable with this compressor. In this case, a post-pulse is visible, a
synonym of residual third-order dispersion. As we further increase the dispersion applied
to the pulse, the pulse broadens again, but with a different shape, where the asymmetry

gets reversed.

3.10. Setup performance

With this setup, we have measured pulses with energies from 1.4 to 2.4 pJ, with a dy-
namic range of approximately two and a half orders of magnitude. Due to the extremely
high sensitivity of the nonlinear detection section, we believe that the minimum energy of
the measured pulses is only limited by the intensity threshold for detecting a frequency-
resolved second harmonic signal on the nonlinear detection section. The nonlinear gener-
ation section could be improved by switching the LiIO3 crystal with a bulk a-PPLN, which

would offer a higher nonlinear signal.

The trade-off for this extremely high sensitivity is the long acquisition time. The current
limitation is the scanning of two directions (wavelengths and dispersion) instead of one di-

rection (dispersion). To increase the acquisition speed of the setup, the use of a nonlinear
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optical crystal with higher conversion efficiency, such as bulk or waveguided fiber-coupled
a-PPLN, would allow the use of a non-scanning spectrometer to measure the nonlinear
signal, which would drastically increase the measurement speed, although drastically in-

creasing the cost of the setup.

Due to remote communication problems with the monochromator, instead of scanning the
nonlinear wavelengths for each dispersion point, we have scanned the grating distance for
each nonlinear wavelength, the latter being slower than the former. A single d-scan trace
measurement, with 50 grating distance steps and 70 wavelength points (giving rise to a
50x70 matrix) takes approximately 10 minutes, a much longer acquisition time compared
to the standard d-scan measurement (tens of seconds) for the same size matrix. For this
setup configuration, the only speed increase would be to switch the scanning order, i.e.,
scanning the nonlinear wavelength for each dispersion point, which would increase the

measurement speed by less than an order of magnitude.

Regarding the single-grating compressor, the limitations to the amount of dispersion in-
troduced are determined by the parameters of the used gratings and the achievable dis-
tance between the grating and the retroreflector mirror. By using a grating with a higher
or lower groove density, the achievable dispersion can easily be tuned to the pulse being

compressed.

Although the number of dispersion points was set to 50, this number is subject to changes
and can be further reduced without degrading the quality of the retrieval. As proof, we
present the retrieval of pulses driven at I, = 230mA and Vy,; = 5.6V, from d-scan
traces that we have interpolated from the original measured d-scan trace, to have 20 or 35

dispersion points. The measured and retrieved d-scan traces can be seen in Figure 3.16.

The measured and retrieved d-scan traces are in excellent agreement. If we plot the
temporal profile of the retrieved pulses for all the d-scan traces, we get the results from
Figure 3.17, showing that the number of dispersion points can be reduced to at least 20

without degradation of the retrieval process, which would halve the acquisition time.
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3.11. Conclusions and future work

We have developed a highly-sensitive dispersion-scan setup, based on a single-grating
compressor, a standard nonlinear crystal for the second harmonic generation, and a
monochromator coupled to a highly-sensitive photomultiplier tube and a multimeter to
frequency-resolve the nonlinear signal. The sensitivity acquired with this setup allows
the characterization and compression of pulses with ps time duration and pJ pulse en-
ergies. The setup has been used to characterize and compress to near the transform-
limit ps pulses from a semiconductor laser diode. The minimum energy for the to-be-
characterized pulses is only dictated by the sensitivity of the second harmonic frequency-
resolved detection section. Using a lock-in amplifier instead of the highly-sensitive mul-
timeter, together with a mechanical chopper installed in the setup, could increase the
sensitivity of the setup even further, allowing measuring ultrashort laser pulses with even

lower energies.

The acquisition time for a d-scan measurement using this setup and the high loss in the
single-grating compressor are the current limitations of the setup. Using bespoke gratings
with even higher efficiency at the wavelengths of interest would improve the single-grating

compressor regarding output losses.

To improve the acquisition time of a d-scan measurement, a possible solution would be
using a bulk a-PPLN crystal for the nonlinear signal generation. These types of crystals
use the concept of quasi-phase-matching to provide higher signal generation efficiency
and allow for a thicker crystal without the loss of phase-matching. With these crystals, we
could achieve a much stronger SHG signal and completely substitute the monochromator
(coupled to the PMT and the highly-sensitive multimeter) with a standard spectrometer.
With this quality-of-life improvement, the acquisition time of a single d-scan measurement
could be drastically improved from a few minutes to a few seconds, which would be up to
par with previously developed FROG setups for the characterization of low power, long

pulse duration laser sources.
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4. Mode-locking dynamics in semiconductor laser
diodes

In this chapter, we will describe the use of the developed highly-sensitive d-scan setup
to fully compress and characterize pulses from a semiconductor mode-locked laser diode
with quantum-dots as the gain medium. With this setup, we have studied the influence
of drive current and reverse bias on the pulses’ chirp, asymmetry, and time duration, and
compressed said pulses to a sub-ps timescale. Part of this work was published in refs.
[75, 76].

4.1. Introduction

The compressibility of ultrashort laser pulses from semiconductor laser diodes is an im-
portant factor to take into account for the globalization of said laser sources. The pulses
from these laser sources are typically up-chirped and need to be compressed to realize
their full potential. Several efforts have been made in the past few years, using tech-
niques such as autocorrelation and FROG to measure the uncompressed pulse dura-
tion, and then compressing the obtained pulses using either SMF-28 fibers for pulses
with central wavelengths around 1.5 um [103, 108, 119, 120] or using grating tunable-
compressors [104, 121, 122], allowing for the generation of sub-ps laser pulses from
these laser sources. However, different pulse durations may be needed, depending on
the application. For each desired pulse duration, a measurement has to be made, to fully

characterize each of the desired pulses.

One of the main advantages of the dispersion-scan technique, as concluded in the pre-
vious chapter, is the possibility of simultaneously characterizing and compressing an ul-
trashort laser pulse, using a single d-scan trace measurement. This means that, with
a single trace, we can obtain (if the amount of compression obtainable is calibrated for
the laser source to be compressed) information regarding the uncompressed laser pulse,
compress it to the transform-limit, and also know the pulse shape and temporal duration

for all the measured compression points.

Dispersion-scan offers other significant advantages to the field of semiconductor laser
diode characterization. Recent numerical simulations [123] predict the existence of a
broad trailing edge plateau (TEP) [124] in certain driving conditions, which the authors at-

tributed to non-instant carrier transitions between the carrier reservoir, the excited state,
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and the ground state of the QD. These simulations show that pulses with widths at their
base that exceed half of the laser cavity round trip time can exist, while still in a stable
mode-locking. Experimentally, the authors show the beginning of the formation of a TEP
by increasing the drive current. However, for the ultrabroad pulses described before, the
autocorrelation trace has non-vanishing wings, and FROG measurements could not re-
construct the pulse properly, particularly due to these non-vanishing wings. However, the
measured RF spectra show a strong, defined peak even for these pulses, which suggests
a strong mode-locking regime. With d-scan, the situation is different: since d-scan mea-
sures a nonlinear signal as a function of the dispersion applied to the pulse (and not as a
function of a time delay), this superimposition between subsequent pulses should not be

a problem for a correct and complete pulse characterization using d-scan.

4.2. Dispersion-scan measurements

With the setup fully working, we measured d-scan traces for different values of drive cur-
rent and reverse bias. The results can be seen in Figure 4.1. For the pulses driven at
Vaps = 4.6V, and for the pulses driven at I, = 240mA and Vs = 5.2V, the grating with
830 lines/mm was used. The grating with 600 lines/mm was used for the other driving
conditions. Therefore, for an accurate comparison, the d-scan traces are plotted with the

dispersion axis in GDD units.
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Figure 4.1: Measured d-scan traces for different values of I, (rows) and V;,
(columns).

The traces show that the chirp is heavily influenced by the parameters applied to the QD
laser. Namely, increasing I,,;, strongly increases the chirp of the pulses, which can be

directly inferred by the rise of the traces’ center of mass on the dispersion axis (meaning
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that more negative dispersion needs to be applied to fully compress the pulses regarding
second order dispersion). Increasing V,;s has a contrary effect, as it decreases the chirp
of the pulses. All the traces appear tilted, providing evidence of third-order dispersion
(TOD). For g, = 220 and 230 mA, increasing Vs leads to a decrease of TOD, as the
traces appear less tilted. However, for I, = 240 mA, there is a TOD sign inversion, as
for Vs = 4.6 V the trace is tilted in the opposite direction compared to the ones obtained

for V,;s = 5.2 and 5.6 V.

4.3. Spectral power and phase retrieval

The follow-up retrieval process relies on the ptychographic algorithm, introduced in the
previous chapters. As an illustration, the measured and retrieved d-scan traces for Iy, =

230mA and Vs = 5.2V are shown in Figure 4.2.
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Figure 4.2: Measured and retrieved d-scan trace for Ig,;;,, = 230mA and Vs = 5.2V.

The mean d-scan error G was 8.2% for a set of 10 retrievals, which can again be explained
by the presence of noise in the trace that is not retrieved by the algorithm. Nevertheless,
the measured and retrieved d-scan traces are in excellent agreement, proving the algo-
rithm’s effectiveness. The mean d-scan errors G obtained for each d-scan trace retrieval

can be seen in Table 4.1.

Toain \ Vaps | 46V [ 52V [ 56V
220mA | 7.0% | 4.2% | 7.4%
230 mA | 6.4% | 8.2% | 7.5%
240 mA | 7.0% | 5.9% | 6.2%

Table 4.1: D-scan error G obtained for the retrieved d-scan traces.
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The retrieved mean spectral power and phase, as well as the standard deviation, for the
measured pulses, can be seen in Figure 4.3. The retrieved spectral phase shown corre-
sponds to the pulses obtained right after the laser, and not after the grating compressor,

to get a better sense of the influence of the bias conditions on the laser behaviour.
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Figure 4.3: Retrieved spectral power (blue) and phase (red), together with an
independent spectral measurement (orange) of the pulses obtained at different values
of I¢si, @nd Vps. The blue and red shaded regions correspond to the standard deviation
for the spectral power and phase retrievals, respectively.

For all measurements, we can say that the retrieved spectral power is in good agreement
with the measured one. For I.;;, = 220mA, the retrieved spectral power has a lower
frequency cut compared to the measured one, which could be indicative of the spectral
areas that do not contribute to the mode-locking regime. Nevertheless, they are still in
good agreement with the measured spectral powers. Increasing Vs leads to a blue-shift
on the measured spectrum, while increasing I, red-shifts the spectrum. Visually, the

spectrum appears to broaden when increasing V,;,;. The same happens if we decrease

Igain-

Regarding the retrieved spectral phase, we can see that the second-order phase term
(related to the GDD inherited by the pulses), increases with increasing I,,;,, and decreas-
ing V,;s, which was already recognized when analyzing the d-scan traces. We can also
see that the spectral phase is asymmetric, with the asymmetry being more accentuated
for low drive currents. Due to the presence of a saturable absorber in the QD laser, and
the underlying processes that occur in the former, the leading edge of the pulse (which
in these cases are the lower frequency components) is more affected by the SA, causing

the phase asymmetry that is visible in the retrieved spectral phase.
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4.4. Temporal profile visualization
If we visualize the pulses in the temporal domain, we get the results from Figure 4.4.
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Figure 4.4: Temporal profile of the QD laser pulses obtained at different values of I,
and Vs, uncompressed (blue), compressed (red), and Fourier-limited (green).

As a first analysis, the results show that, before compression, the pulse width increases

generally with increasing I,,;, and decreasing V,;;. There is also a clear pulse asymmetry

visible for all values of I, and Vs, where the trailing edge has a slower decay compared

to the leading edge, which was already visualized in previous FROG [25, 104], FRMZG

[106] and sonogram [109] measurements of similar laser sources.

Let us shift our attention to the chirp of these pulses. As an example, Figure 4.5 shows

the retrieved spectral phase, as well as a polynomial fit, of the pulses obtained at I, =

230mA and Vs = 4.6V.
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Figure 4.5: Retrieved spectral phase (blue) and the correspondent polynomial fit
(orange) of the pulses obtained at Io,;;, = 230mA and Vs = 4.6 V.
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From the polynomial fit, we can estimate a value of GDD equal to 1.8 ps?, which is in good
agreement with previous observations [125], and a value of TOD equal to 0.05 ps®. How-
ever, previous measurements of the Group Velocity Dispersion in InAs/GaAs QD lasers
show that this value is around 2270 fs>mm~?, mainly due to the dispersion of bulk GaAs
[126] which, for a cavity length of 8 mm, translates to a net GDD of 0.036 ps2. Although
these measurements were not performed in the laser investigated in this thesis, they serve
as a starting point to state that the dispersion introduced by the QD materials is orders of
magnitude below the actual dispersion of the measured pulses, which means that other
mechanisms must be responsible for the pulse broadening in QD lasers. This mechanism

is self-phase modulation.

Unlike in solid-state lasers, where SPM is caused by the optical Kerr effect, SPM in semi-
conductor lasers behaves differently. During propagation of the optical pulse inside the
cavity, specifically in the gain section, the stimulated emission causes the carriers to re-
combine, thus depleting the carrier density and, therefore, the gain. The carrier density
depletion is dependent on the optical intensity, which changes across the laser pulse.
This means that the refractive index changes across the pulse as well, leading to a phase
change on the pulse. Since the instantaneous frequency is defined as the time derivative
of the phase, the instantaneous frequency changes across the pulse as well, proportion-
ally to the derivative of the time-dependent refractive index. This leads to the creation
of new frequencies inside the pulse, which are spread out across the temporal profile
(typically the lower frequencies being on the leading edge of the pulse and the higher
frequencies being on the trailing edge of the pulse) [127]. Propagating this pulse in a dis-
persive medium (such as the laser itself) creates a pulse broadening because the trailing
edge of the pulse (with higher frequency components) propagates slower than the lead-
ing edge of the pulse (with lower frequency components), effectively leading to a positive

dispersion across the laser pulse.

At the same time, the saturable absorber behaves oppositely, since it generates carriers
due to photon absorption, leading to a contrary effect regarding dispersion to that of the
gain section. The relative contribution of both the gain and the absorption sections dictate

the pulse behavior regarding temporal shape and chirp, as seen in Figure 4.6.

The effects of self-phase modulation can be seen by changing the drive current applied
to the QD laser. For low values of drive current, most of the carriers in the QDs are con-

sumed by the leading part of the pulse. As we increase the drive current further (for a
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Figure 4.6: Effects of the self-phase modulation in a mode-locked semiconductor laser,
regarding optical power, carrier density, index of refraction and instantaneous
frequency in gain (a) and absorption (b) saturation regimes [127, 128].

fixed reverse bias voltage), the pulses experience a larger gain and gain-induced self-
phase modulation, and the gain dynamics become more pronounced for the pulse shap-
ing, which causes a flattening of the trailing edge and a consequent strong asymmetry in
the pulse shape [24, 104], which is in good agreement with the results obtained in this
thesis and with previously published experimental [25, 129] and theoretical [130] results.
Regarding the saturable absorber dynamics discussed before, increasing the reverse bias
voltage leads to a stronger saturable absorption and to an overall reduction of the pulse
power within the laser medium, which in turn leads to a less intense SPM and, conse-
quently, less chirped pulses. The strong pulse asymmetry can be explained by the fact
that the leading edge of the pulse is more strongly affected by the saturable absorber.
We have also seen that the front edge of the pulse remains nearly independent of I,

[104], and the pulse broadening is due to an increase in the trailing edge width [24].

It is important to mention that both the absorption and gain saturation and recovery times



FCUP |HW|UA|UM | 62
Towards ultrafast and ultra-compact lasers: uncovering ultrashort pulse
generation mechanisms in semiconductor lasers with novel characterization approaches

define the net gain window, where pulse generation is possible, and increasing the reverse
bias voltage leads to an overall decrease in the net gain window due to the absorption

recovery speed increase.

For specific driving conditions, we can also detect two different decay times for the trailing
edge of the pulses (clearly seen for Ip;;;, = 240 mA and Vs = 5.2V, and for [, = 220
mA and V;;,, = 4.6 V). Specifically for I, = 220 mA and V,,; = 4.6 V, if we visualize
the retrieved spectral phase and the retrieved spectral power, we can easily correlate the
existence of two different decay times in the trailing edge of the retrieved pulses with the
strong asymmetry of the retrieved spectral phase. The red-sided part of the spectrum
has a nearly flat spectral phase, while the blue-sided part of the spectrum has a strong
quadratic spectral phase, which in the temporal domain is translated as the red-sided part
of the pulse is almost compressed, creating a main pulse that is close to the transform-
limited laser pulse, while the blue-sided part of the pulse creates a slow decay on the

trailing edge due to the imparted linear chirp.

For low applied reverse bias voltages, a trailing edge modulation appears on the mea-

sured pulses, in good agreement with previous sonogram measurements [109].

For a fixed drive current Io,;,, = 220 mA, the decrease on the pulses’ FWHM from V,;,; =
4.6 Vto 5.6 Vis 19%, a smaller value than the one obtained for I, = 240 mA (61%).
If we now fix Vs = 5.6 V, we see that the pulses’ FWHM, for I, increasing from 220
mA to 240 mA, increases by 30%, a smaller value than the one obtained for V;, = 4.6 V
(168%). From this information, we can infer that the influence of V,;; on the pulses’ chirp

gets stronger for higher I.,;,,, whereas the influence of I,,;,, decreases with V.

D-scan offers the accompanying compression of the pulses, which can be seen in the
red curves in Figure 4.4. At their maximum compression point, all the pulses were com-
pressed to near transform-limit, with pulse widths in the 600-900 fs range (in the sub-ps
region). For I, =220 and 230 mA, we can see small post-pulses (result of the TOD
present in the pulses), whose amplitude decreases with increasing V,s. For o, = 240
mA and V,;; = 4.6 V, there is a small pre-pulse, which converts into a post-pulse for in-
creasing values of V,;,,, which is in good agreement with the earlier visual analysis of the

d-scan traces.
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4.5. Pulse measurement across the dispersion range

We can also study the temporal profile evolution of the pulses as a function of the applied
dispersion since we have information about the spectral power and phase of the pulses.
The evolution of the temporal profile of the retrieved pulses can be seen in Figure 4.7,

which can give us some extra information to corroborate previous conclusions.
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Figure 4.7: Temporal profile evolution of the QD laser pulses obtained at different
values of I, and Vs, as a function of the dispersion applied to the laser pulses.

As an example, let us take into account the evolution of the pulses obtained at I, =
240 mA and Vs = 5.2 V. The original, uncompressed pulse that is obtained directly from
the QD laser is extremely asymmetric, with a trailing edge longer than the leading edge
and the trailing edge having two different decay times. However, simply by adding more or
less dispersion, we can change the temporal shape of the pulse, from drastically reducing
the trailing edge (orange curve in Figure 4.8) to completely reversing the asymmetry and
creating a leading edge that is longer than the trailing edge (green curve in Figure 4.8),
which can prove useful for many different applications, such as pulse amplification with a

minimization of the gain saturation effect.
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Figure 4.8: Temporal profile of the QD laser pulses at Login = 240mA and Vs = 5.2V,
before (blue), and after the compressor with a grating distance of 0.1 (orange) and 0.53
(green) meters.

4.6. Conclusions and future work

In this section, we have used the highly-sensitive dispersion scan setup to characterize
pulses from a semiconductor laser diode, study the influence of drive current and reverse
bias on the evolution of the pulse temporal profile, as well as correlate our findings with
theoretical models, and previous experimental results. We have also compressed these

pulses to near their Fourier transform-limit, to a sub-ps regime.

An interesting solution to obtain transform-limited pulses would be to filter out the portion of
the spectrum whose spectral phase is not relatively flat. An interesting example would be
the case of pulses driven at Ip;;, = 220mA and Vs = 5.6 V. The lower frequencies have
almost a zero linear chirp, which would mean that, by filtering out the higher frequencies,
the output pulse would be close to transform-limited. A simulation of this filtering effect
can be seen in Figure 4.9, which shows that by filtering some frequencies that have a
non-zero linear chirp, the pulses could be close to transform-limited without the need for

a post-compression scheme.
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Figure 4.9: Left: retrieved spectral profile (black) and phase (orange) for pulses driven
at Ioqi, = 220mA and Vs = 5.6V, together with the filtered spectrum (red), filtered by a
logistic filter with central frequency wy (blue). Right: respective temporal profile,
uncompressed (blue) and transform-limited (orange) for the retrieved fundamental
spectrum, as well as the uncompressed (green) and transform-limited (red) temporal
profiles for the filtered pulses.
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5. Quantification of pulse train instabilities in semi-
conductor laser diodes

In this chapter, we will present our results regarding the detection and, for the first time to
the best of our knowledge, quantification of pulse train instabilities in semiconductor laser
diodes using the developed d-scan setup, together with a self-calibrating d-scan retrieval
algorithm. We have identified the different mode-locking regimes that occur on the studied

quantum-dot laser, and their dependence on the drive current and reverse bias voltage.

5.1. Pulse train instabilities

The first observation of pulse train instabilities in intensity autocorrelation measurements
was made in 1969 by Fisher and Fleck [131], where they saw that, if the pulse shape
varies on a timescale shorter than the measurement time, a narrow temporal structure
arises at the center of the autocorrelation, which is commonly known as the coherent

artifact.

Pulse train instabilities are one of the main problems standing between ultrafast semicon-
ductor laser diodes and their globalization, mainly due to the current limitation in pulse
duration for pulses obtained with these laser sources. As stated before, driving these
lasers at high drive currents, which could provide the spectral bandwidth necessary for
transform-limited sub-100 fs pulses, leads to pulse train instabilities, suppressing the pos-
sibility of using these laser sources as stable sources capable of delivering laser pulses
with very short pulse duration. Several groups reported the observation of pulse train
instabilities in FROG measurements [23, 25] where, for high drive currents, a coherent
artifact appeared in the FROG trace, causing the phase retrieval algorithm not to con-
verge, leading to no pulse retrieval. Since FROG is a time-frequency methodology, small
variations in the pulse structure result in different spectrograms, and the obtained mea-
surement consists of the sampled pulse train average. Nevertheless, Li et al. [23] devel-
oped a semi-empirical model to extract qualitative information regarding the pulse train

instabilities and coherence from the FROG trace.

The characterization techniques presented in chapter 1 can, with more or less detail re-
trieve information about the output pulses of arbitrary laser sources. However, unless the
method uses a single-shot technique (technically capable of measuring a single instance

of the pulse train) an autocorrelation, FROG, SPIDER, or d-scan trace all consist of the
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average of a multitude of pulses within the pulse train. If the pulse train is stable, the
measurement is not affected and is equivalent to measuring a single pulse. However,
suppose there are pulse train instabilities of some sort. These can range from a random
group delay dispersion, which can happen when dispersive elements are used with a
laser source with pronounced beam pointing instability or when pulse energy fluctuates
in a self-phase-modulating medium, to a degraded interpulse coherence or partial mode-
locking [132]. If there are pulse train instabilities, each pulse in the pulse train will be
different, and the traces obtained will correspond to an average of all these pulses [133].

In a d-scan measurement, for example, the resulting d-scan trace is of the form:

2
(5.1)

F 7 [IE@lenenes)]

where N, is the number of pulses considered. A similar expression can be deduced for
the other characterization techniques. Pulse train instabilities and their effect on other

pulse measurement techniques have also been studied [51, 134, 135].

Let us study, for example, the influence of these pulse train instabilities in an autocorrela-
tion trace. We will consider three main sources of instability: the first source is a random

linear chirp instability, where the spectral phase of each pulse is given by:

(GDDpyse + &) (w — wp)*; ~ N(0,T) (5.2)

N[ =

p(w) =

where GD Dy, is the base, stable GDD that is added to each pulse, and « parametrizes
the GDD instability added to the pulses. This instability follows a normal zero-centered
distribution N(0,T’) with a standard deviation equal to T', which parametrizes the amount

of instability added to the pulse train.

The second source of pulse train instabilities consists of a random phase that is added to

each pulse:

p(w) = %GDDW (w — wp)* + Y@ (w); @ ~ U(—7, 77) (5.3)

where ®(w) is a random phase that follows a uniform distribution U(—7, 77), and + is the
intensity of this instability. In this case, the generation of the pulse train follows a slightly

different approach. Since the spectral phase is random, the temporal field will be infinitely
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long. To maintain the desired average pulse duration, we add the spectral phase to the
pulse, we apply an inverse Fourier transform to go to the temporal domain, and multiply
the obtained temporal profile by a Gaussian filtering function with a width equal to the
known average temporal duration of the pulse. This method was used by Pfeifer et al. to

study partially coherent free-electron laser pulse statistics [136].

The third and last studied source of instability consists of a double-pulsing regime, with

mutual (or relative) timing jitter, where the temporal distance between both pulses is not

constant:

E(t) > E(t— 1)+ E(t+1); T ~ N(At, At) (5.4)

where T is a mutual pulse delay equal to half the temporal distance between pulses, which

is selected based on a normal distribution N(At, At) with center and standard deviation

equal to At.

We have simulated, for each of these pulse train instabilities, a set of 2000 Gaussian-
shaped pulses, each with a center wavelength of 1264 nm and capable of supporting
transform-limited 600 fs pulses. For the first instability, GDD,,,, = 0.3 ps?. For the sec-
ond, GDDy,,, = 0.5ps? and for the third instability, GDDy,,. = 0.1 ps®. The autocorrela-

tion traces obtained can be seen in Figure 5.1.
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Figure 5.1: Autocorrelation traces for a pulse train with random chirp instability (left),
random phase distribution (middle), and double-pulsing with mutual timing jitter (right).
The blue curves are the autocorrelation traces of the stable pulse train for each
situation. On the left graphic, the blue curve is almost indistinguishable from the orange

curve.
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One crucial conclusion is that random chirp instability is almost invisible to autocorrelation
measurements [132]. With a strong enough random phase distribution, a coherence arti-
fact appears on top of the autocorrelation trace. In the case of a train of variably spaced
double pulses, the autocorrelation trace exhibits a coherent artifact, resulting from the non-
random coherent component of the double pulses (a single pulse), on top of a broad back-
ground resulting from the overall average pulse length (the combination of both pulses)
[134]. Although some information can be extracted from these autocorrelation traces,
the bigger picture cannot be seen, and the information obtained can be misleading. The

non-uniqueness of autocorrelation further degrades this situation.

5.1.1 D-scan simulations

Modern pulse measurement techniques, such as FROG, SPIDER, and d-scan, provide
further information regarding pulse train instabilities. On a pulse train with linear chirp
instability, SPIDER can measure the correct average spectral phase and should yield an
accurate value for the average chirp of the pulse train [132, 137]. FROG can be used
to qualitatively separate the contributions of the average pulse and the coherent artifact
[50], but quantifying these instabilities remains a problem to be solved since the retrieval

algorithms fail as soon as the pulses become unstable.

D-scan, being a one-beam geometry, is not corrupted by time-delay variations unlike SPI-
DER and FROG, and small chirp fluctuations or even a weak coherent artifactimmediately
distorts the d-scan trace, which can be used to clarify the presence of unstable mode-
locking. Benjamin et al. [138] have shown the effect of chirp instability and random phase
fluctuations on d-scan traces, concluding that both cause a stretch on the dispersion axis
in the d-scan trace. In the presence of instabilities, the optimum dispersion point for com-
pensation of the spectral phase for the different wavelengths of the pulse also inherits that

instability and the nonlinear signal is redistributed along the dispersion axis.

A simple simulation showing the effect of a random linear chirp instability can be seen in
Figure 5.2. We have generated a set of 3000 Gaussian spectra, each with a center wave-
length of 1264 nm, capable of supporting 600fs pulses. For the simulations shown here,
GDDy,s. = 1.4ps?, and T ranges from 0.1ps? to 0.7ps?. In all the presented simulations,
for the compressor, we have simulated the single-grating compressor used in chapter 3,

using the grating with 800 lines/mm and a blaze wavelength of 1.2 yum.
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Figure 5.2: (a) Base pulse d-scan trace for comparison. (b) to (d): Simulated d-scan
trace using a pulse train with linear chirp instability, with I' = 0.1 ps? (b), I' = 0.3 ps? (c)
and T = 0.7 ps? (d).

The effects of the random phase fluctuation described previously can be seen in Fig-
ure 5.3. This effect also distorts the d-scan trace, although its effects are much stronger

for high instability values.
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Figure 5.3: D-scan simulation of a random phase fluctuation regime, with a base pulse
with GDD = 1.4ps? and « = 0.1 (b), « = 0.3 (c) and « = 0.5 (d). Base pulse d-scan
trace for comparison (a).

5.2. Measurement of pulse train instabilities

The question remains: can we quantify the pulse train instabilities that exist in a laser

source?
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For the d-scan technique, three main methods have been used to study pulse train in-
stabilities in laser sources: fidelity measurement [139], mixed-state reconstruction [140],

and the self-calibrating d-scan [141].

The fidelity measurement F(z), introduced firstly in [139] for Multiphoton Intrapulse In-
terference Phase Scan (MIIPS), compares the experimental trace Ty.qs(w,z) with the

theoretical trace of the transform-limited pulse T1L (w, z):

Tineas (Z)
TIL(z)

sim

F(z) =

(5.5)

which indicates the spreading of the trace in the dispersion axis, acting as a quick indi-
cation of partial coherence in a pulse train. However, it provides limited information, and
the effect of the average pulse width is not linear with the fidelity [142], which limits the
information we can extract from the fidelity measurement if the pulses are not transform-

limited.

The mixed-state reconstruction method was already used to measure partially coherent
attosecond pulses [140]. It consists of retrieving several electric fields that are represen-
tative of the d-scan trace obtained, where each field is a variation of the pulse shape
in the train. It is a powerful method, that allows retrieving stable pulse trains and typi-
cal representations of the pulse shapes obtained in an unstable pulse train. However,
since increasing the number of retrieved pulses in the ensemble improves the retrieval
accuracy, the computational cost obtained by increasing the number of retrieved pulses

becomes a problem when this number is large.

5.3. Self-calibrating d-scan

The method used in this work is the self-calibrating d-scan [141], which allows measuring
an ultrashort pulse without knowing the dispersion applied by the compressor by retriev-
ing not only the spectral phase of the laser pulse being measured but also the phase
introduced by the compressor during the measurement process. The uncalibrated com-
pressor introduces a phase ¢(w, z) that depends on the compressor position (if it is, for
example, a prism or grating compressor) or the inserted thickness of the material (if it is,
for example, a chirped mirrors and glass wedges compressor). This phase can also be

expanded on a Taylor series:
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Pl,2) = fo(z) + GD(z) (w — wp) + 5GDD(2) (@ — wo)* + LTOD(z) (@ — wo)* + .
(5.6)

where wy is the central frequency. The variables ¢y and GD (Group Delay) do not change
the d-scan trace and are, therefore, neglected. Since it uses a multi-variable optimization
algorithm, the self-calibrating variant adds more variables to be optimized, namely the
GDD and the TOD values of the compressor being used (which are typically sufficient
to model the dispersion applied by the compressor), allowing the d-scan technique to
be implemented with virtually any dispersion scanning setup by retrieving the pulse and

calibrating the compressor simultaneously.

The self-calibrating d-scan retrieval has been previously used to detect and quantify pulse
train instabilities in fiber lasers [138]. The key factor in this method is retrieving the phase
introduced by the compressor, and using this value as an input to an instability metric I,

described in this work as:

GDDretr

r=1—- ——
GDDyeq

(5.7)

where GDD,,;, is the GDD retrieved by the self-calibrating algorithm, and GDD,,,; is the
real GDD introduced by the compressor. If the pulse train is stable, the GDD retrieved
by the algorithm will match the GDD of the compressor. However, suppose pulse train
instabilities exist in the laser source. In that case, the algorithm will retrieve a GDD value
smaller than the actual GDD from the compressor, to accommodate for the trace stretch-
ing along the dispersion axis. By numerically comparing the retrieved GDD with the actual
GDD from the compressor through an appropriate metric, we can properly quantify these
pulse train instabilities. The algorithm can also retrieve an average spectral phase and

an average temporal profile [138].

5.4. Self-calibrating retrieval of stable pulses

To confirm that all pulses obtained in the previous chapter at these currents are stable,
we have performed a self-calibrating retrieval algorithm of the pulses obtained at I,
= 230 mA and V,;; = 4.6 V. Both measured and retrieved d-scan traces can be seen

in Figure 5.4. The self-calibrating retrieval algorithm, as well as all the self-calibrating
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retrievals performed in this thesis, were done by Dr. Benjamin Alonso, in collaboration

with the University of Salamanca.
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Figure 5.4: Measured (upper left) and retrieved (upper right) d-scan traces obtained at
Login = 230 mA and Vs = 4.6 V, using the self-calibrating retrieval algorithm. Retrieved
uncompressed (bottom left) and compressed (bottom right) pulses in the temporal
domain, using the ptychographic (blue curves) and the self-calibrating (orange curves)
retrieval algorithm.

The retrieved d-scan trace is in good agreement with the measured one, which clearly
indicates the algorithm convergence. The self-calibrating algorithm retrieved a GD D,/ L
value of —5.4ps?/m, which is in excellent agreement with the real GDD,,,; /L value of
—5.36 ps?/m (both of these values were determined at 1265 nm, and this wavelength will
serve as reference throughout the rest of the thesis). If we use the instability metric defined
by Alonso et al. [138], we can quantify the amount of instabilities that exist in a pulse train.
For the stable case of Iy, = 230 mA and V,;; = 4.6 V, the instability metric is equal to

—0.7% *, which is rather negligible.

This measurement demonstrates two vital points for this work: first, the pulses measured
in the previous chapter are indeed stable (which was already proven by the convergence
of the ptychographic retrieval algorithm); and second, the single-grating compressor is

well calibrated, since the retrieved GD D,/ L is in excellent agreement with the predicted,

*The negativity of the instability metric in this particular case can be solved by measuring the absolute
value of the metric, and it is not significant in this case.
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theoretical GDD,,;; / L value for the compressor geometry used in our experimental work.
Both the compressed and uncompressed pulses retrieved using the self-calibrating algo-
rithm are in good agreement with the ones obtained using the ptychographic algorithm, as
seenin Figure 5.4. Itis important to note that the self-calibrating retrieval consists of a sin-
gle retrieval process, since in multi-variable optimization retrievals there is no significant

variation of the retrieved pulse for different runs.

The small differences between the uncompressed pulse obtained through ptychography
and the self-calibrating retrieval can be explained by the fact that the self-calibrating al-
gorithm uses the experimental, measured optical spectrum, whereas the ptychography
algorithm retrieves a spectral power as well, which is smoother due to the interpolation

effect.

5.5. Measurement of pulse train instabilities

Let us first study the influence of drive current on the chirp and stability of the pulse train.
We have measured d-scan traces for pulses obtained at a fixed reverse bias V,;,; = 4.6V,
with a drive current ranging from 220 to 280 mA. These results can be seen, together with
the self-calibrating retrieval results, in Figure 5.5. The retrieved d-scan trace corresponds
to the actual d-scan trace obtained through the self-calibrating retrieval algorithm. To
provide a visual indication of the presence of instabilities, we added a simulated d-scan
trace using the measured spectral power and the retrieved spectral phase, but using the
actual dispersion added by the compressor. Therefore, if there are instabilities in the pulse
train, this simulated d-scan trace will be squeezed in the dispersion axis compared to the
measured one, which provides a clear indication of pulse train instabilities. We should
refer that the temporal pulse retrieved with this algorithm is an average of the entire set of
pulses that were used in a d-scan measurement (for example, if a d-scan measurement
takes 10 minutes, and the repetition rate of the laser is equal to 5 GHz, a total of 3 x 10'2

pulses is used in a single d-scan trace measurement).
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5.5.1 Mode-locking transition

Up to 240 mA, the retrieved d-scan traces are in excellent agreement with the measured
ones. In these cases, the linear chirp of the pulse train increases as expected, since the
amount of dispersion needed to fully compress the pulse (dictated by the grating distance
where the nonlinear signal is maximized) increases as well, which was already discussed

in the previous chapter.

For a current of 253.5 mA, a mode-locking transition appears, where the fundamental
spectrum (and, implicitly, the d-scan trace) has a sudden blue-shift. In the spectral do-
main, that behavior is visible on the black curve, where the fundamental spectrum shifts
constantly between the two mode-locked pulse trains (the green curve was obtained by
measuring the spectrum using the max hold function on the OSA). For higher currents,
there is a sudden drop in the chirp of the pulse train, due to the mode-locking transition

observed, and the fundamental spectrum gets smoother and more Gaussian-like.

By using the instability metric previously defined, we can study the stability of the mea-
sured pulse trains. These results can be seen in Table 5.1. It is important to mention
that the instability metric is a global measurement that accounts for all instability sources
that cause temporal shape differences from pulse to pulse, and it is not defined for every

individual kind of instability.

Current (MA) | GD Dyt /L (ps?im) | T (%)
220 -5.26 1.8
230 -54 0.8
240 -5.35 0.3
250 -1.25 76.8
253.5 -1.33 75.2
260 -3.96 26.2
270 -2.22 58.6
280 -3.08 42.5

Table 5.1: Instability metric for a constant reverse bias voltage (V,;,; = 4.6 V), and a
drive current changing from 220 mA to 280 mA. The real GDD/L introduced by the
compressor is equal to —5.36 ps?/m. The values in bold indicate driving currents where
the retrieved GDDJ/L differs significantly from the actual GDD/L from the compressor,
indicating the presence of pulse train instabilities.

With these results, we can easily indicate the stability regions of the mode-locking regime
in semiconductor laser diodes. Up to 240 mA, the instability metric is negligible, indicating
a stable mode-locking regime without pulse train instabilities. However, for drive currents

between 250 and 260 mA, the instability metric becomes significant, reaching values as
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high as 76,8%. For drive currents higher than 260 mA, the instability metric decreases for

values between 26 and 58%, which will be explained further in the next section.

5.6. Map of instabilites

With these preliminary results, we can now measure the full map of instabilities for differ-
ent values of drive current and reverse bias. The obtained d-scan traces can be seen in
Figure 5.6. Complementary measurements of the fundamental optical spectrum, the aver-
age temporal profile of both compressed and uncompressed pulses, and the RF spectrum

can be seen in Figure 5.7, Figure 5.8 and Figure 5.9, respectively.
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Figure 5.9: Full map of the measured RF spectrum for different values of drive current (220 mA < I.,;, < 280 mA) and reverse bias voltage (3.6 V
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For low values of reverse bias voltage, the measured d-scan trace is not strongly affected
by the drive current, and the central wavelength does not change significantly with the
drive current, whereas for high values, the d-scan trace is red-shifted with an increase in
drive current. The second-order dispersion tends to increase with increasing drive current

and decreasing reverse bias voltage, as well as the third-order dispersion.

For reverse bias voltages between 4.6 and 5.6 V, there is a strong mode-locking transition
for drive currents between 250 and 260 mA, where the d-scan trace (and, therefore, the
fundamental spectrum) becomes significantly blue-shifted and the pulses become less
chirped. For low values of reverse bias voltage, this mode-locking transition does not

occur.

By calculating the instability metric for each measured d-scan trace, we can create a
map of instabilities with the different mode-locking regimes obtained for varying driving

conditions. This map can be seen in Figure 5.10.
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Figure 5.10: Instability metric map, together with the representation of the regions of
different mode-locking regimes, obtained for the pulses from the QD laser for different
values of drive current and reverse bias.

We have separated the full map of instabilities into 4 different regions: stable ML, unsta-
ble ML, unstable and modulated ML, and harmonic mode-locking (HML). The stable ML
regime is obtained when the metric of instabilities is close to zero. We will discuss each

of the other 3 regions in detail in the next sections.

5.6.1 Unstable ML and modulated ML

A high instability metric dictates the unstable mode-locking regime. However, in this case,
two different situations occur, as shown by the RF spectra. Figure 5.11 shows the RF
spectra measured for pulses driven at V,,, = 3.6V, but with different drive currents. For

the pulses driven at 240 mA, there is a main peak on the RF spectra at approximately 5
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GHz. However, this peak is quite broad, and there are secondary peaks that evidence
the presence of an amplitude modulation of the pulses. This strong amplitude modula-
tion has a frequency of approximately 1.37 GHz (indicated by the frequency of the first
occurring peak in the RF spectra), and could be responsible for the chirp modulation that
creates the instability in the pulse train, since a change of the amplitude from pulse to
pulse will lead to a change of the self-phase modulation experienced by the pulse inside
the cavity, therefore changing its chirp. However, for a drive current of 270 mA, there is
no strong amplitude modulation, only a broad baseline in the main RF peak (which could
be indicative of amplitude and phase noise). In this situation, the mode-locking is not
amplitude-modulated, and the instability is created in a different way. The RF harmonics
also decay very rapidly, at a rate of approximately 10dB per harmonic peak, which also
indicates unstable mode-locking [143]. The appearance of a broad noise level on the RF
spectrum due to instabilities in the pulse temporal duration has been previously predicted
by Bandelow et al. [144].
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Figure 5.11: RF spectra obtained for the pulses driven at V,;,; = 3.6V and drive current
of 240 mA (left) and 270 mA (right).

5.6.2 Harmonic mode-locking

Let us analyze the autocorrelation and the RF spectrum for the mode-locking transition
conditions. Let us focus on the pulses obtained at different drive currents, but a fixed
reverse bias voltage V,,; = 5.6V, whose RF spectra and autocorrelation traces can be

seen in Figure 5.12.

Looking at the RF spectra, we see, up to a drive current of 250 mA, a main, defined
peak at approximately 5 GHz, with the subsequent harmonics having defined peaks as

well. However, on the mode-locking transition, the main peak shifts to approximately
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Figure 5.12: RF spectra (top row) and autocorrelation traces (bottom row) obtained for
pulses driven at V,;,; = 5.6V and different drive currents.

10 GHz, which indicates harmonic mode-locking. In this case, two pulses are traveling
simultaneously inside the cavity, where the total energy is divided by these two pulses.
If we measure the average power for the conditions studied in these measurements, we
see that it increases with the drive current. However, since the total energy of each pulse
depends on the repetition rate of the pulse train, when the laser enters the harmonic mode-
locking regime the energy of each pulse actually decreases, which should decrease the
effect of self-phase modulation in the gain section. As a result, both the chirp and the
pulse train instabilities would also decrease, which is in good agreement with previous

measurements with other types of semiconductor lasers [145, 146].

Although the RF spectra obtained for pulses in HML appear to define a stable ML, the in-
stability metric calculated in these conditions tells a different story. In an HML regime, two
pulses are traveling in the cavity simultaneously. The d-scan technique cannot distinguish

one from the other, if the two pulses are equal.

However, if the two pulses that co-exist in the laser cavity in an HML regime have different
chirps, then the situation changes. The measured d-scan trace will be a superimposition
of the individual d-scan trace of each pulse. If each pulse is different, then each d-scan
trace will be different (independently of the presence of timing jitter), and the measured
d-scan trace will reflect this effect. To further study this effect, we have performed a
simulation of a d-scan trace, resulting from pulses with a center wavelength of 1264 nm

and a Fourier transform-limited FWHM of 600 nm with a pure quadratic spectral phase
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corresponding to a GDD equal to 1.4 ps?. To this pulse, we have added a second pulse
(thus simulating the HML regime) with different values of GDD. The simulations can be

seen in Fig. 5.13.
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Figure 5.13: HML regime d-scan simulation, with a base pulse with GDD = 1.4ps2 and
another pulse with GDD = 2.1ps? (a), GDD = 1.8ps? (b) and GDD = 1.55ps? (c). Base
pulse with GDD = 1.4ps* d-scan trace for comparison (d).

In the cases where the GDD difference of the two pulses is significant, we can see the
superimposition of both d-scan traces, and distinguish one from the other. However, as
the GDD difference gets smaller, the two d-scan traces (each corresponding to each pulse
in the HML regime) start to merge. In the case of Fig. 5.13(c), the d-scan trace for each
pulse is not distinguishable, but the resulting d-scan trace is broader in the dispersion
axis compared to the single-pulsing d-scan trace. In this case, the broadening is strictly
caused by the different chirps of each pulse in the HML regime, in which each pulse
is completely stable. Therefore, with only a d-scan measurement, it is not possible to
distinguish between HML where each pulse can have a different, but stable chirp, and
unstable mode-locking. A secondary RF measurement has to be made to draw further

conclusions regarding the stability of the mode-locking regime in these conditions.

Previous work has been done on investigating HML regimes and their stability. Bande-
low et al. [144] were able to study HML using a Delay Differential Equation model and
concluded that, at high driving currents, there is a self-starting HML regime, that is stable
for a finite range of driving parameters. Experimentally, they have seen HML in a 40 GHz

semiconductor mode-locked laser, and the measured RF spectrum is similar to the one
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seen in Fig. 5.12 (for drive currents higher than 260 mA). Other authors were able to pre-
dict HML, namely Raghunathan et al. [147], who developed a nonlinear delay differential
equation model for passively mode-locked semiconductor lasers. The model predicts the
appearance of higher-order HML for higher reverse bias voltage. The model also predicts

that the threshold drive current for HML increases with reverse bias voltage.

In 2014, Mee et al. [148] stimulated HML of higher order repetition rates, which was elec-
tronically induced in a multi-section device. By continuously increasing the drive current,
they obtained stable ML at the fundamental repetition rate, followed by a region of unsta-
ble pulses. By further increasing the drive current, they obtained narrow pulses at double
the fundamental repetition rate, followed again by a region of unstable pulse generation,
which is in very good agreement with the results obtained in this thesis (particularly for

Vips = 4.6V).

5.7. Conclusions and future work

In this section, we have applied the self-calibrating retrieval algorithm, together with our
implementation of a highly-sensitive d-scan experimental setup, to successfully quantify
pulse train instabilities in semiconductor laser diodes. With these measurements, we were
able to investigate the influence of drive current and reverse bias on the mode-locking
regime and distinguish between stable mode-locking, unstable mode-locking (with or with-
out amplitude modulation), and harmonic mode-locking, as well as perform simulations to
confirm our experimental results. Measuring a d-scan trace, applying the self-calibrating
retrieval, and measuring the RF spectrum gives us enough information to distinguish be-

tween the different mode-locking regimes successfully.

An interesting approach to eliminate the pulse train instabilities in a modulated ML regime,
obtained at specific driving conditions, would be to implement a (active or passive) feed-
back loop either on the gain section or the saturable absorber, to eliminate the amplitude
modulations and enable stable mode-locking. In the passive feedback loop [149], the ab-
sorber is grounded by a high-frequency DC-block and a high-frequency 50 Q) resistor in
series and connected to the voltage source by a low-pass filter (see Figure 5.14 for more
details). The amplitude-modulated envelope directly induces a modulated photocurrent

in the absorber section, and the DC-block eliminates the modulations.

Some variations of the active feedback loop have been implemented [150-152]. A particu-

lar case consists of an optoelectronic feedback of the amplified RF beats of the longitudinal
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Figure 5.14: Experimental setup for the passive suppression of Q-switching. U,:
voltage source. I, DC current source. L: lowpass filter. R: resistance. C: DC-block.
a, g: absorber and gain section, respectively. Reproduced from [149].
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modes onto the injection current [150], causing a forced modulation of the carrier concen-
tration and effectively reducing the modulation instabilities. A photodetector is used to
measure the RF beats which, in turn, is coupled to a bias tee that modulates either the
drive current or reverse bias (see Figure 5.15 for further details). In this case, the length
of the feedback loop has to be carefully adjusted to achieve coincidence between optical
and electrical pulses within the laser medium, employing either an electrical or optical
delay line. The main conclusion is that a direct modulation of the diode current would

enable control of the intracavity loss or gain modulation, which would, in turn, enable the

vi&r?,ﬂf —]

HR MO Laser 8sS D Ampl.

reduction of pulse train instabilities.

L

Figure 5.15: Experimental setup for the active suppresion of Q-switching. BT: Bias
Tee. D: photodetector. BS: beam splitter. Ampl.: amplifier. Reproduced from [150].

Further investigations could be made on even higher drive currents and reverse bias, to
observe higher orders of harmonic mode-locking, as well as obtain broader fundamen-
tal spectra capable of supporting even shorter transform-limited pulses. With the added
knowledge of the stability of the mode-locking regime with the self-calibrating retrieval, the
capability of obtaining even shorter pulses from semiconductor laser diodes is a dream

that may come true in the near future.
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6. Characterization of pulses amplified by semi-
conductor optical amplifiers

In this chapter, we will present our results regarding pulse amplification in a semiconductor
optical amplifier based on quantum dots. We have studied the amplification influence on
the amplified pulses’ temporal shape, and studied the spectral broadening caused by
the self-phase modulation in the amplification process. We have also investigated the

amplification of an unstable pulse train and calculated the corresponding instability metric.

6.1. The need for pulse amplification

Laser sources that can deliver high average and peak power optical pulses are crucial
for a set of applications, such as nonlinear frequency conversion [153] and nonlinear
biomedical imaging, which include two-photon excited fluorescence imaging [154] and
nonlinear imaging techniques based on SHG [155]. Laser sources that deliver ultrashort
laser pulses with center wavelengths around 1.3 um are promising for this application,
since they have a high penetration depth into biological tissue [156] due to decreased
scattering [157] and reduced probability of photo-damage [158]. This compels the use
of QD lasers as stable, high-power, and compact laser sources, ideal for these types of

applications.

In the previous chapters, we have demonstrated a range of mode-locking regimes. Fig-
ure 6.1 shows the corresponding measured average power as a function of drive current

and reverse bias.
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Figure 6.1: Measured average power from the QD mode-locked laser, as a function of
drive current and reverse bias.
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The average power of the pulse train increases with the drive current, as expected. The
average output power decreases with reverse bias, due to a weaker absorption saturation

in the saturable absorber [130].

For this set of driving conditions, the maximum achieved average power was approxi-
mately 19.5 mW, achieved in driving conditions that create unstable mode-locking. For a
stable, fundamental mode-locking, the maximum average power obtained was approxi-
mately 12 mW which, when compressed and taking into account the losses of the single-

grating compressor, yields a very modest peak power of 1.28 W.

To increase the applicability of these laser sources, it is therefore necessary to amplify
these pulses and fully characterize them. It is also important to understand the influence
of pulse amplification on the temporal profile of the pulse since often an optical amplifier
is implemented before the pulse characterization setup (and assumed to have negligible

influence on the pulse temporal evolution) [159].

Thanks to technological developments driven by telecommunications, some of the most
common amplification systems involve the use of Erbium-doped fiber amplifiers (EDFA),
due to their high gain, low noise, and low polarization dependence, being one of the sta-
ples for pulse amplification in the C-band (1530 — 1565 nm), for data communication [160].
However, their spectral bandwidth is limited, and the maintenance costs are high. EDFAs
also require using a pump laser for pulse amplification, which increases the cost of these
systems. In the O-band (1260 — 1360 nm), semiconductor optical amplifiers (SOAs) are
highly efficient, with the advantage of being electrically pumped, which allows for easy
integration in complex systems and enhancing system flexibility. Compared to EDFAs,
SOAs offer low-cost mass production, reduced power consumption, and a smaller foot-

print, at the small cost of a slightly increased noise [161].

6.2. Semiconductor Optical Amplifiers

A semiconductor optical amplifier consists of an optical amplifier based on a semicon-
ductor gain medium *, and was first implemented during the 1980s, having been strongly
investigated in that period [162—168] and used as integrable on-chip amplifiers within opti-
cal transmitters and receivers. They are extremely similar to semiconductor laser diodes,
but their facets are tilted and have anti-reflection coatings to eliminate back reflections

into the amplifier, thus preventing optical feedback and lasing and acting simply as a gain

*Who would’ve thought?
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medium in which light is amplified by stimulated emission. The gain dynamics are gen-
erally similar to that of the gain section of passively mode-locked laser diodes, which are

strongly affected by refractive index changes that cause self-phase modulation.

A SOA works in two different regimes, depending on the input signal power and its influ-
ence on the gain dynamics. In the unsaturated regime, the input signal power is not high
enough to influence the gain, and therefore the output scales linearly with the input power.
The gain starts to saturate above a certain input power threshold, decreasing as the input
power increases, and the output power tends to a maximum, saturated value. However,
in a pulsed light amplification process, the peak power is typically much higher than the
average power, and the signal gain may change inside the pulse itself, which can cause
an asymmetrical gain curve in the time domain, where the leading edge experiences a

higher gain than the trailing edge.

SOAs have been widely used for semiconductor laser pulse amplification in recent years.
In particular, QD-based SOAs show ultrafast gain recovery dynamics [90, 169, 170], an
enhanced linewidth enhancement factor [171, 172] and have been intensively investi-
gated over the past few years for their pattern-free amplification [173, 174] and wave-
length conversion [175]. QD SOAs have been used to amplify pulses at 1.26 um, either
from an external cavity QD laser [176], achieving 16 ps pulses with 26 W of peak power, or
from a tapered InAs/InGaAs QD laser [177], achieving 1.37 ps pulses with a peak power
up to 42W. In both cases, the amplified pulses were measured using second-harmonic
autocorrelation, which does not resolve the full temporal profile of the amplified pulses.
Romstad et al. [178] have studied the propagation of 175fs, 1.53 um, 300 kHz pulses from
an optical parametric amplifier through a bulk InGaAsP-InP SOA using cross-frequency-
resolved optical gating (XFROG), a variation of the FROG technique where the pulse to
be measured is correlated with a strong reference pulse. They have observed effects
from pulse narrowing to pulse breakup. Recently, Schmeckebier et al. [179] used the
FROG technique to study the gain dynamics of QD SOAs when boosting pulses from a
hybrid mode-locked QD laser. The authors have investigated the evolution of the pulses’
duration and chirp with the input power and amplification current, but no trend was ob-

served.

To the best of our knowledge, no investigation of pulse compression capability after am-

plification using SOAs (particularly QD SOAs) has been made so far. Also, for techniques



FCUP |HW|UA|UM | 92
Towards ultrafast and ultra-compact lasers: uncovering ultrashort pulse
generation mechanisms in semiconductor lasers with novel characterization approaches

such as Chirped Pulse Amplification (CPA) [180], where the pulse is highly-chirped be-
fore the amplification process, having full control of the temporal profile of the pulses is
crucial for an efficient pulse amplification. The d-scan technique offers this capability: it
allows measuring the pulses prior to the amplification process and changing the pulses’
chirp and, therefore, the pulse shape (within the range of dispersion of the used compres-
sor). It also offers the built-in compression and characterization of the amplified pulses,
allowing to compress the amplified pulses to near the transform-limit duration. The use of
the self-calibrating retrieval algorithm to measure the instability metric of unstable pulses
allows us to study the amplification dynamics on unstable pulse trains which, to the best

of our knowledge, has not been done so far.

In this chapter, we will present our results regarding the amplification of laser pulses in a
QD SOA, and the evolution of the temporal profile of the amplified pulses (both stable and
unstable) with the amplification current using the d-scan technique. We hope that these
results will provide further insights into the amplification process of QD SOAs, and using

their high nonlinearities in our favor, namely for spectral broadening through SPM.

6.3. Experimental setup

The experimental setup used in this section can be seen in Figure 6.2. The output of the
QD laser follows through the same isolator used throughout the measurements presented
in the previous chapters but is then fiber-coupled, using a polarization-maintaining (PM)
fiber, to a 3-paddle fiber polarization controller, to maximize the amplification efficiency in
the following semiconductor optical amplifier. The output of the SOA is then coupled to

free-space, to allow measuring the pulses with the developed d-scan setup.

Ve |

abs 'gain
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PM Fiber PM Fiber
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Polarization
QD laser coupler

RR =5 GHz paddies

Figure 6.2: Setup for studying the amplification process using a semiconductor optical
amplifier. The polarization paddles are used to match the polarization of the laser to the
one that provides the higher amplification efficiency.

The d-scan measurement without amplification was made by bypassing the amplifier com-
pletely, using the same beamline as described in chapter 3. This could mean that the

measurement conditions were different for the non-amplified and the amplified pulses,
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namely regarding the total GDD of the pulse. To investigate this, we have calculated the
total GDD introduced by the chromatic dispersion of the fiber system used in the amplifi-

cation experimental setup, given by:

A3 9%n(A)
GDD(A) = L—Zm:2 912

(6.1)

where L is the total length of the fibers, and n(\) is the wavelength-dependent refractive
index. Assuming that we have fused silica single-mode fibers with a total length of 10m
and A = 1265nm, we estimate a total GDD introduced by chromatic dispersion equal
to 0.009 ps2. Together with the dispersion introduced by the SOA (assumed to be that of
bulk GaAs [126], mentioned in chapter 4, which is not exact but serves as an estimation of
orders of magnitude), we get a total GDD equal to 0.017 ps?, which is negligible compared
to the GDD of the measured pulses. We did not calculate the waveguide dispersion of
the used fibers, since we do not have access to its dispersion parameter, but we have

assumed that it is negligible.

The used SOA is commercially available through Innolume (SOA-1250-110-YY-27dB),
based on an InAs/InGaAs quantum dot chip, providing a broad gain curve (from 1190
to 1310 nm). The measured amplified spontaneous emission (ASE) curves for different

values of drive current and operating temperature can be seen in Figure 6.3.
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Figure 6.3: Amplified spontaneous emission (ASE) spectrum of the QD SOA, for fixed
operating temperature and variable drive current (left), and fixed drive current and
variable operating temperature (right).
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Both the driving current and the operation temperature have a strong influence on the ASE
spectrum (related to the gain curve) of the SOA. Decreasing the operating temperature
leads to a strong overall blue-shift of the ASE spectrum and a general gain increase. In-
creasing the driving current leads to an increase in the optical power of the ASE curve and,
for high values of driving current, to the appearance of the excited state emission (seen
as the appearance of a broad ASE peak around 1200 nm, corresponding to the excited
state of the QDs used in the SOA). Throughout the rest of this chapter, the temperature
of the QD SOA was set to 25°C.

As an example, Figure 6.4 shows the ASE spectrum of the QD SOA driven at 800 mA and
set at 25°C, together with the input and output spectra of the amplified QD laser pulses

driven at a drive current of 240 mA and a reverse bias of 5.2 V.
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Figure 6.4: Input (blue), output (green) and ASE (orange) spectra for pulses with

Login = 240mA and Vs = 5.2V, amplified in the SOA with an amplification current of

800 mA.

6.4. Amplification of stable pulse trains

To study the efficiency and the behavior of the SOA used throughout this experiment, we
have amplified pulses from the QD laser studied in the previous chapter in three different

driving conditions, whose results will be analysed in detail in the next sections.

6.4.1 Case 1

For this first investigation, we applied a drive current I;;,, = 240 mA and a reverse bias
Vs = 5.2V to the QD laser. To study the evolution of the temporal profile of the pulses
with the amplification process, we have measured d-scan traces for the pulses ampli-

fied by the SOA and compared them to the ones obtained for non-amplified pulses. For
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these measurements, in the single-grating compressor, we have used the grating with
830 lines/mm and a blaze wavelength of 1.2 um. The d-scan traces measured without
amplification and with amplification at 200, 500, and 800 mA of amplification current can

be seen in Figure 6.5.
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.5||||||||!!!!l|||||| ||||||||||||||||||||| |||||||||||||||||||| ||||||||||||||||||||
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Figure 6.5: From left to right: measured d-scan trace for pulses from the QD laser
driven at I, = 240mA and V;;,, = 5.2V without amplification; and with amplification
with the SOA driving current equal to 200; 500; and 800 mA.

There is a clear difference between the d-scan traces obtained before amplification and
after amplification. The overall shape of the d-scan trace changes, where the small fea-
tures observed at higher dispersion are more prominent after amplification. This can be
explained by the non-linearity of the SOA gain (lower power features are further am-
plified). As an example, the retrieval of the d-scan trace obtained for pulses driven at
Login = 240mA and Vs = 5.2V, amplified with the SOA driven at a current of 800 mA can

be seen in Figure 6.6.

The measured d-scan error for this measurement is equal to 3.8 %, and the retrieved d-
scan trace is in excellent agreement with the measured one. The d-scan errors obtained
for the pulses in these driving conditions with different amplification drive currents can be

seen in Table 6.1.

Lomyp No amp. | 200 mA | 300 mA | 400 mA | 500 mA | 600 mA | 700 mA | 800 mA

Gerror | 11.6% 7.7% 3.8% 4.5% 3.4% 4.2% 5.2% 3.8%

Table 6.1: G error obtained for the retrieved d-scan traces for the amplified pulses.

The G error is very low for drive currents higher than 200 mA. However, the d-scan error
is relatively high for the pulses obtained with no amplification (i.e., directly from the QD
laser), even though similar measurements have been made previously with these driv-

ing conditions. Since the setup has been changed multiple times throughout this work
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Figure 6.6: Measured and retrieved d-scan trace for I, = 240mA and Vs = 5.2V,
amplified with the SOA driven at 800 mA.

(namely grating changes and aligning the setup to measure either the pulses directly
from the QD laser or the ones amplified by the SOA), we have noticed a lower SNR on
these measurements, which can explain the relatively high d-scan error. Nevertheless,
the retrieved d-scan traces for all amplification currents are in good agreement with their
measured counterparts, and it is worth noting that increasing the amplification current
(therefore increasing the average power of the measured pulses) increases the SNR of

the d-scan trace, which leads to an overall reduction of the G error.

The retrieved spectral power and phase, as well as the temporal profiles obtained for the
QD laser pulses driven at Ip,;;, = 240mA and Vs = 5.2V and further amplified with the
SOA can be seen in Figure 6.7.

If we analyze the retrieved spectral power, we see that the amplification process causes
a red-shift, together with spectral broadening, that increases with the SOA drive current,
caused by the initial chirp of the optical pulse. When entering the SOA, the longer wave-
length components of the optical pulse will enter and, therefore, be amplified first in the
SOA [166, 167]. This will cause a gain saturation, reducing the amplification efficiency
for the shorter wavelength components. An interesting feature occurs if we analyze the
uncompressed temporal profile of the laser pulses. Although the pulse variations are not
significant when changing the amplification drive current, the amplification process actu-
ally creates shorter pulses directly after the SOA (as can be seen in the bottom left graphic
of Figure 6.7). This can be explained if we take a closer look at the effects of self-phase

modulation in SOAs [167].
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Figure 6.7: Retrieved spectral power (top left) and phase (top right), as well as the
uncompressed (bottom left) and compressed (bottom right) temporal profiles for the
pulses at Ip;;,; = 240mA and Vs = 5.2V, amplified with the SOA driven at different
amplification currents.

The parameter a;gr, the linewidth enhancement factor, is introduced into the equations
that are used to study the amplification process to reflect the refractive-index changes
caused by carrier density variations due to gain saturation. This parameter is responsible,
in the amplification process, for simulating self-phase modulation. There are no spectral
or temporal distortions when the amplifier is being operated below saturation. However,
for energy values close to saturation, the self-phase modulation plays a key role in pulse
amplification [166]. In this case, a red-shift of the spectrum is visible, and the optical
spectrum becomes broader. Pulse distortions happen because the leading edge of the
pulse saturates the amplifier and reduces the gain available for the trailing edge, which
was previously seen in SOAs [181] and other type of amplifiers [182—-184]. Depending
on the input pulse shape [165] (and particularly if there is a positive chirp imparted on the
input pulse), pulse compression can happen in the amplification process [185]. It is also
interesting that, regarding the compressed pulse, the amplification process increases the
power of the post-pulse, leading to a higher secondary peak. If we analyze the temporal
chirp of both the non-amplified and the amplified pulses, we see no clear trend regarding
the amplification process (see Figure 6.8), as previously concluded by Schmeckebier et

al. [179].

If we calculate the peak power obtained for each amplification current, we get the results

from Figure 6.9.
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Figure 6.8: Temporal chirp of the pulses driven at I;;, = 240mA and Vy;; = 5.2V, with
and without amplification using the SOA at different amplification currents.
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Figure 6.9: Average power (red), pulse duration (blue), and peak power (green) of the
pulses obtained directly after the SOA (top row) and after the SOA + single-grating
compressor (bottom row) for the pulses driven at I, = 240mA and Vs = 5.2V,

We can see that the pulse duration decreases, both for the uncompressed pulse (which
was previously explained) and for the compressed pulses (which can be explained by the
spectral broadening caused by the SOA, which decreases the minimum obtainable pulse
width). Remarkably, we can have spectral broadening due to self-phase modulation at
relatively low optical powers which is already sufficient to reduce the minimum obtainable

pulse width significantly [167].

The output power of the amplified QD laser increases with the current provided to the
SOA, as expected. It is worth mentioning that the input power coupled to the SOA is
equal to 0.931 mW, leading to an optical gain equal to 15.7 dB at 800 mA of driving current.
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6.4.2 Case?2

As another example, we present the retrieved spectral power and phase, as well as the
temporal profiles (both compressed and uncompressed) of the pulses driven at I, =
220mA and V,;; = 4.6V and amplified in the SOA in Figure 6.10. The grating used in
the single-grating compressor was the one with 830 lines/mm and a blaze wavelength of

1.2 um.
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Figure 6.10: Retrieved spectral power (top left) and phase (top right), as well as the
uncompressed (bottom left) and compressed (bottom right) temporal profiles for the
pulses at Ip;;; = 220mA and Vs = 4.6V, amplified with the SOA driven at different
amplification currents.

The optical spectrum of the amplified spectrum behaves the same way, with a red-shift
and spectral broadening that increases with the amplification current. In the temporal
domain, however, the evolution of the temporal profile of the amplified pulses follows a
different trend. In this case, regarding the uncompressed temporal profile, the main peak
of the pulse becomes stretched. For the compressed pulses, we see that increasing the
amplification current up to 500 mA leads to a relative increase in the intensity of the post-
pulse compared to the main pulse. However, as the amplification current increases even
further, this effect is reversed. The evolution of the temporal chirp with the amplification

current can be seen in Figure 6.11. As in the previous case, no trend is observed.

The output average and peak power, together with the temporal duration of both the com-

pressed and uncompressed pulses, can be seen in Figure 6.12. We see that the pulse
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Figure 6.11: Temporal chirp of the pulses driven at I,;;, =220mA and Vs = 4.6V,
with and without amplification using the SOA at different amplification currents.

duration for the uncompressed pulse increases, but once again due to the spectral broad-
ening, the obtainable pulse duration after the compressor decreases with the amplification

current, allowing an increase in the pulse’s peak power.
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Figure 6.12: Average power (red), pulse duration (blue), and peak power (green) of the
pulses obtained directly after the SOA (top row) and after the SOA + single-grating
compressor (bottom row) for the pulses driven at I, = 220mA and Vs = 4.6V.

6.4.3 Case3

As a final example, we present the retrieved spectral power and phase, as well as the
temporal profiles (both compressed and uncompressed) of the pulses driven at I, =
230mA and V,;; = 5.6V and amplified in the SOA in Figure 6.13. The grating used in
the single-grating compressor was the one with 600 lines/mm and a blaze wavelength of

1.25 um.
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Figure 6.13: Retrieved spectral power (top left) and phase (top right), as well as the
uncompressed (bottom left) and compressed (bottom right) temporal profiles for the
pulses at Io;;,; = 230mA and Vs = 5.6V, amplified with the SOA driven at different
amplification currents.

The spectral power evolves similarly to the previous measurements, with a red-shift and
an overall spectral broadening that increases with the amplification current. An overall
reduction of the temporal duration of the uncompressed pulse can be seen with the am-
plification process, as well as the appearance of a trailing edge modulation. This could
be caused by the appearance of a spectral modulation on the blue side of the spectral
power, which is strongly correlated to the trailing edge of the pulse due to its strong linear

chirp.

Regarding the compressed pulse, we see that the post-pulse gets more intense with the
amplification current, as seen in the previous measurements. As in the previous cases,
the temporal chirp does not change significantly with the amplification current, as shown

in Figure 6.14.

The output average and peak power, together with the temporal duration of both the com-

pressed and uncompressed pulses, can be seen in Figure 6.15.

Once again, we can see that, due to the spectral broadening caused by SPM, the pulse
duration after compression decreases with the amplification current. For these driving

conditions, we have obtained pulses as short as 580 fs.
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Figure 6.14: Temporal chirp of the pulses driven at I,;;, = 230mA and Vs = 5.6V,
with and without amplification using the SOA at different amplification currents.

— After SOA
LEE/ 30 --- Input power = 0.733 mw ;‘g: ------------------------------- g

= o ~

2 201 g2 52

o © g
p 3 >

10 ~
g $ 2.0 51
g o E —=- Input FWHM = 2.8 ps o
200 400 600 800 200 400 600 800
Current (mA) Current (mA) Current (mA)
s After SOA + compressor
m

S k=3 S

T3 c 0.62 210

o S 5

5, B g

< 30.60 Cos

2 ) ©

s 3 £

> o

200 400 600 800 200 400 600 800 200 400 600 800
Current (mA) Current (mA) Current (mA)

Figure 6.15: Average power (red), pulse duration (blue), and peak power (green) of the
pulses obtained directly after the SOA (top row) and after the SOA + single-grating
compressor (bottom row) for the pulses driven at I, = 230mA and Vs = 5.6V,

6.5. Amplification of unstable pulse trains

We have also studied the influence of the SOA on the amplification of an unstable pulse
train, obtained by driving the QD laser at I, = 230mA and Vy;; = 3.6V. Let us first
analyze the obtained output power and optical spectrum, whose results can be seen in
Figure 6.16.

The output optical power increases as expected, as seen in previous examples of stable
pulses. However, regarding the output optical spectrum, we see a spectral broadening
that increases with the amplification drive current, as expected, but the evolution of the

spectral shape is different compared to the evolution of stable pulses. The red-shift of
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Figure 6.16: Left: Evolution of the amplified optical spectrum from the pulses driven at
Login = 230mA and Vs = 3.6V, amplified in the SOA with varying amplification
currents. Right: evolution of the optical power of the amplified pulses as a function of
the SOA drive current. The blue line serves as a guide for the eyes.

the peak wavelength is not visible, but the spectral broadening tends to the longer wave-
lengths (lower frequencies). A possible explanation for this difference is the fact that
the measured fundamental spectrum is an average of the fundamental spectrum of each
unstable pulse, and each pulse is amplified individually. Therefore, the effect of gain sat-
uration occurs in different frequency points depending on the input pulse, and the overall

red-shift is not visible.

To study the evolution of the pulse train instabilities with the amplification process, we
measured d-scan traces of both the amplified and the non-amplified unstable pulses.
We have applied the self-calibrating retrieval algorithm to these measurements and stud-
ied the influence of the amplification current in the instability metric. The self-calibrating
retrieval algorithm, as well as all the self-calibrating retrievals performed in these mea-
surements, were done by Dr. Benjamin Alonso, in collaboration with the University of

Salamanca. The retrievals can be seen in Figure 6.17.
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The presented measurements show a clear overall broadening of the d-scan trace in
the dispersion axis in the amplification process, which is a clear sign of an instability in-
crease. If we calculate the instability metric for each d-scan measurement, we see a steep
increase from 72.2 % to values around 81.5 %, with the amplification process. Still, the in-
stability metric does not change significantly when increasing the amplification current, as

seen in Figure 6.18.
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Figure 6.18: Evolution of the instability metric of the amplified pulses with the
amplification current.

6.6. Conclusions and future work

In this section, we have studied the amplification process using a semiconductor optical
amplifier and its effect on the pulse shape. We have concluded that, depending on the
initial pulse shape, a pulse narrowing can occur, which increases with the amplification
current. The spectral power experiences a red-shift and a spectral broadening, both in-
creasing with the amplification current. We have correlated our findings with previously
developed theoretical models. Driving the amplifier at higher currents or using a lower
operating temperature would allow an even higher output power after amplification. The
amplification of unstable pulse trains leads to a higher instability metric, as well as shorter
pulses, both after the amplifier and after the single-grating compressor. Further investi-
gation of the used SOA can be made, namely studying the influence of the input power

on the amplification gain.

To obtain higher output power pulses directly from the SOA, a possible solution would
be to use an additional single-grating compressor to fully reverse the pulse asymmetry

(i.e., having a pulse with a slowly rising leading edge compared to the trailing edge), as
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suggested in section 4.5, chapter 4. In this case, the gain saturation effects could be mini-
mized, and pulse deformation could potentially be reduced. In fact, knowing the temporal
profile of the amplified pulses is crucial for employing techniques such as CPA, where
the to-be-amplified pulse is highly chirped before the amplification stage. The possibil-
ity of further increasing the spectral broadening due to self-phase modulation by using a
double-pass configuration [186] could prove useful to further reduce the obtainable pulse

width and increase the output power.
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7. Conclusions and future work

This doctoral thesis describes the work developed in a joint collaboration between the
University of Porto and Heriot-Watt University, intending to further investigate the pulse

generation dynamics in semiconductor laser diodes using the dispersion-scan technique.

Firstly, we consolidated previous work developed at University of Porto, by developing
a d-scan variation based on surface third-harmonic generation, that allows measuring
ultra-broadband, low energy pulses with a ptychographic retrieval algorithm adapted for
broadband sources. We have used this variation to characterize sub-10 fs pulses from a
Ti:Sapphire oscillator, whose results are in good agreement with the ones obtained using
a standard SHG-based d-scan technique. The developed variation allows characterizing
ultrashort pulses with arbitrary frequencies and bandwidths, only limited by the detection
method. Further work could be developed by measuring ultrashort laser pulses in the mid-

infrared (MIR) region, to prove the validity of the method for different spectral regions.

At Heriot-Watt University, we have developed another variation of the d-scan technique,
which allows measuring pulses with long durations (tens of picoseconds) and low ener-
gies (picoJoules). This setup relies on a single-grating compressor, that applies variable
dispersion while being relatively easy to align, a lithium iodate crystal for second harmonic
generation, and a monochromator coupled to a photomultiplier tube and a highly-sensitive
multimeter to frequency-resolve the nonlinear signal. The minimum energy needed for
pulse measurement is only limited by the nonlinear signal detection section sensitivity.
We have fully characterized and compressed pulses from a quantum-dot passively mode-
locked laser. We have investigated the influence of the driving conditions in the pulse
evolution and correlated our findings with theoretical models, as well as compressed the
output pulses to a sub-ps regime. The replacement of the LiIO; crystal with bulk a-
PPLN would drastically increase the SHG signal, which could prove sufficient to replace
the nonlinear signal detection section with a highly-sensitive non-scanning spectrometer.
This would allow a decrease of the typical acquisition time for a d-scan measurement,
which would put the technique up to par with previously developed pulse characterization

techniques for these spectral bandwidths and pulse energies.

With this setup, we have investigated and, for the first time, quantified pulse train instabili-

ties in semiconductor laser diodes using a self-calibrating retrieval algorithm that retrieves



FCUP |HW |UA|UM | 108
Towards ultrafast and ultra-compact lasers: uncovering ultrashort pulse
generation mechanisms in semiconductor lasers with novel characterization approaches

not only the spectral phase of the pulses but also the dispersion applied by the compres-
sor itself. By comparing the retrieved dispersion with the actual dispersion applied by
the compressor, we can create an instability metric that successfully accounts for pulse
train instabilities. Coupled with RF measurements, this allows for the distinction of dif-
ferent mode-locking regimes, namely stable mode-locking, unstable mode-locking and
harmonic mode-locking (where the repetition rate of the laser is a harmonic of the fun-
damental repetition rate of the laser). The implementation of feedback loops, either in a
active or passive configuration, could eliminate pulse train amplitude modulations, which

would improve the pulse train stability for a wide range of driving conditions.

The last developed work during this doctoral thesis was studying the pulse amplification
process using semiconductor optical amplifiers. We have used the developed d-scan
setup to study the influence of a semiconductor optical amplifier in the amplified pulses.
We have concluded that this pulse amplification leads to spectral broadening and a red-
shift that increases with the amplification current. We have also seen a pulse compression
directly after the amplification process, which has already been predicted theoretically and
observed experimentally in other laser sources. These effects depend on the initial pulse
shape. The spectral broadening also allows for the generation of even shorter pulses
after pulse compression. We have also concluded that the amplification process further
increases the pulse train instabilities in an unstable pulse train. Further studies include
reversing the asymmetry of the pulses prior to their amplification, to reduce gain saturation
effects in the semiconductor optical amplifier, and the use of a double-pass amplification

configuration to further increase the output optical power of the amplified laser pulses.

In conclusion, we have developed a new variation of the d-scan technique that allowed
gaining new insight into the dynamics of pulse generation in semiconductor laser diodes,
as well as study pulse train instabilities in these laser sources. With this privileged infor-
mation, we can find strategies to cope with these pulse train instabilities, such as optical
feedback loops (either active or passive). The further amplification of these light sources
using semiconductor optical amplifiers could pave the way to generate shorter, more en-
ergetic laser pulses from semiconductor laser diodes, potentially leading to a revolution

in the field of ultrafast laser science.
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