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Summary

Quantum-Dot Based Microdisk Lasers and Semiconductor

Optical Amplifiers Operating at 1.55 µm

Optical data transmission allows for high-speed and low-loss transmission
over longer distances than the electronic counterpart. Yet, the advantage of
using fiber-optic communications has been restrained by power hungry opto-
electronic conversions at the nodes. These are required for switching and/or
signal processing purposes. Hence, recent efforts have focused on implement-
ing signal processing functions in the optical domain. Key requirements for
the constituent devices are low power consumption, ease to integrate, ability to
distribute high bit rate optical streams and to perform signal processing func-
tions. The optical interconnection between boards and chips and even within
chips is also envisaged in the optical domain. Therefore, research for novel
structures and their capability to improve the performance of semiconductor
devices employing them is a must.

This thesis focuses on the investigation of two devices whose characteristics
make them highly promising as components of optical communications sys-
tems: microdisk lasers and semiconductor optical amplifiers. The investigated
devices are based upon III-V semiconductors. In particular, they are based
upon the InGaAsP/InP material system, for which a well-established opto-
electronic integration technology exists. Furthermore, the investigated devices
employ quantum dots in their active regions and operate in the 1.55 µm wave-
length region. Quantum-dot based devices confine carriers in three dimensions
and therefore operate in a fundamentally different manner compared to com-
mercially available bulk and quantum-well based devices. This thesis focuses
on the modeling and simulation of both quantum-dot microdisk lasers (QD-
MDLs) and quantum-dot semiconductor optical amplifiers (QD-SOAs). In
addition, an experimental characterization of QD-SOAs is performed. These
results are essential for the understanding, design and exploitation in network
systems of the investigated devices.
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Chapter 2 presents a comprehensive quasi-three-dimensional frequency-
domain model to compute the lasing modes and the Q-factors of an In-
GaAsP/InP quantum-dot microdisk laser. The model contributes to the un-
derstanding of the mode behavior and size limitations of the QD-MDLs. The
developed model is highly computationally efficient and can be used to study
MDLs based on a different active medium. Hence, the model also provides a
support tool to design microdisk lasers.

Chapter 3 deals with the experimental characterization of QD-SOAs both
in the static and dynamic regimes. In the static regime, the inhomogeneously
broadened amplified spontaneous emission (ASE) spectra of these devices are
measured. In addition, the continuous wave (CW) gain saturation character-
istics are characterized, exposing the high saturation output power of these
devices. The dynamical behavior of the QD-SOAs was assessed using a pump-
probe technique, using either CW or pulsed probe. Using this technique, the
gain and phase dynamics are measured, showing that the gain recovery is dom-
inated by an ultrafast process while the phase is dominated by a slow process.
Cross-gain modulation (XGM) and cross-phase modulation (XPM) effects in
QD-SOAs are also investigated. The manifestation of XGM and XPM on
the probe spectrum at the QD-SOA output shows strong-blue chirped com-
ponents. This property has already been exploited in system experiments and
therefore its understanding is of interest.

In Chapter 4 the gain and phase dynamics experimental results are ana-
lyzed using an impulse response formalism. Using this method, the timescales
and strengths of each of the recovery processes are extracted, and their de-
pendencies on different operating conditions (bias current and average pump
power) are investigated. The overall experimental characterization and anal-
ysis of experimental results presented in Chapters 3 and 4 contribute to the
understanding of InAs/InP QD-SOAs performance, whose behavior has been
little investigated.

Chapter 5 presents a simple two level rate equation model of QD-SOAs.
Rather than a quantum mechanical description of the quantum-dot semi-
conductor optical amplifier, a phenomenological model is preferred which can
be based on parameters extracted experimentally. Therefore, based on the
experimental findings from Chapters 3 and 4 the model is developed and used
to gain insight into some of the basic characteristics of QD-SOAs: large sat-
uration output power, fast gain dynamics and enhanced blue chirp. A simple
model to describe the saturation characteristics is derived and shows that the
saturation photon density of QD-SOAs is enhanced by a dimensionless factor
that accounts for the QD-SOA timescales and distribution of carriers among
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the considered populations. An analytical model for the recovery dynamics is
proposed, and anticipates an enhanced blue chirp in QD-SOAs compared to
their counterparts bulk or quantum-well amplifiers, due to the QD-SOA fast
recovery timescales. Overall, the simple model results are well in agreement
with the static and dynamic characteristics of QD-SOAs observed experimen-
tally, providing a fairly accessible tool for the understanding and simulation
of these devices.

Finally in Chapter 6 the main results obtained in this thesis are outlined
and an outlook on future research directions is given.
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Chapter 1

Introduction

The ever increasing demand of communication services (e.g. data, voice, video)
is changing gradually the world’s telecommunication infrastructure. While
electronic transmission is well suited for the realization of sophisticated pro-
cessing, it struggles in handling large amount of data. On the other hand,
optical data transmission allows for high-speed and low-loss transmission over
longer distances than the electronic counterpart. Therefore WDM (wavelength
division multiplexing) and TDM (time division multiplexing) point to point
systems became the solution to achieve larger-capacity transmission. Yet, the
advantage of using fiber-optic communications has been restrained by power-
hungry optoelectronic conversions at the nodes. These are required for switch-
ing and/or signal processing purposes. Hence, efforts have been focused on
implementing these functions in the optical domain. In this respect, the re-
search for new materials and components is a must. Key requirements for
devices are low power consumption, ease to integrate, ability to distribute
high bit rate optical streams and to perform signal processing functions. The
optical interconnection between boards and chips and even within chips is also
envisaged in the optical domain.

Nonlinear optical effects occurring in optical fibers, semiconductor materi-
als (AlGaAs or InGaAsP) and solid crystals such as lithium niobate (LiNbO3)
can be used to realize all-optical signal processing. Solutions based on op-
tical fibers are generally bulky as the nonlinear effects manifest at the end
of a long piece of fiber [1], and solutions based on LiNbO3 require high lev-
els of operation power [2]. In contrast, semiconductor based solutions offer
compact size and high power efficiency [3]. In the context of optical com-
munication systems, the signal weakens during propagation because of the
fiber loss, therefore, regeneration through a repeater is needed after some dis-
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tance. For system costs considerations it is desired that the spacing between
repeaters is as large as possible. The use of InGaAsP lasers in the 1.55 µm
wavelength region can allow for large repeater spacings, depending on the
transmitted bit rate [3]. Within semiconductor materials, much attention has
been drawn to semiconductor optical amplifiers (SOAs) due to their attractive
characteristics. They offer high power efficiency due to the gain of the device,
strong nonlinear effects, and they can be easily integrated onto a chip with
other optoelectronic devices [4]. For illustration purposes, Figure 1.1 shows a
commercial full packaged semiconductor optical amplifier.

Figure 1.1: Full packaged semiconductor optical amplifier. The image is
taken from [5].

Other type of semiconductor devices that are potentially interesting as
low power consumption, high speed operation and ease to integrate compo-
nents, are the semiconductor microdisk and ring lasers. A fast, low-power
optical memory element based on coupled microring lasers occupying an area
of 720 µm2 has been demonstrated [6]. Recent work on InP disk lasers bounded
on an Silicon-on-Insulator waveguide structure indicates that microdisk lasers
(MDL) can be integrated with a CMOS compatible technology [7]. These
devices are envisaged for use in compact optical interconnect networks [8].
Figure 1.2 shows a scanning electron microscope (SEM) picture of a microdisk
cavity, presented in [8], which has an integrated heater to allow for fine tuning
of the lasing wavelength to have it aligned to a designed channel grid. This
is required to compensate for fabrication inaccuracies in the definition of the
disk diameter [8].

Semiconductor optical amplifiers and microdisk lasers based on III-V semi-
conductors are the devices of interest in this work; III-V semiconductor based
optoelectronic integration is a well-established technology. The active media
of these devices can be based on different quantum nano-structures: bulk,
quantum well, quantum wire, and quantum dot (see Figure 1.3). These differ
in the way electrons are confined due to the size of the crystal. Reduction
of the crystal size in one of the directions to the nanometer scale, when the
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Figure 1.2: Scanning electron microscope (SEM) picture of a microdisk cav-
ity and ring heater. The picture is courtesy of T. Spuesens [8] of Ghent
University.

crystal is surrounded by other crystals acting as barrier potential, leads to the
lost of freedom of electron movement in that direction [9]. As can be seen from
Figure 1.3 in quantum well, electrons can move in the x-y plane and hence are
confined in the other direction. In quantum wires, the confinement occurs in
two dimensions while in quantum dots confinement occurs in the three dimen-
sions, in other words, electrons are completely localized. This confinement
leads to a quantization of the energy levels and modifies the electron density
of states (see Figure 1.3) [9]. For this reason, the dot’s density of states is
expressed by a delta function. Devices based on current technologies such as
bulk and quantum well are reaching their limits; this has motivated the inter-
est on the investigation of the characteristics that the strong three-dimensional
quantum confinement of quantum dots (QD) may provide to the devices that
adopt them in their active regions.

A number of superior characteristics were predicted theoretically for lasers
employing quantum dots in their active regions, for example, ultralow-threshold
current, temperature-insensitive operation, high-speed modulation and nar-
row spectral linewidth [10, 11]. The improved performance was attributed to
the reduced density of states at higher energies due to the three-dimensional
electron confinement, causing electrons to occupy lower energy states, that
contribute in a more effective manner to the population inversion and laser
gain [10, 11]. The discussion on QD lasers had mostly academical character
until the self-assembling method to fabricate quantum dots was developed
in the early 1990s. Self-assembled QDs form spontaneously under certain
growth conditions, as a consequence of lattice mismatch between a semi-
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Figure 1.3: Schematic view of different quantum nano-structures and their
density of states. The image is taken from [9].

conductor material and a substrate on which the semiconductor has been
deposited [9]. This results on the formation of three-dimensional islands on
a thin two-dimensional film, called a wetting layer; this growth mechanism is
called Stranski-Krastanov growth mode [9, 12]. Examples of material systems
on which the Stranski-Krastanov growth transition occurs include InAs/GaAs,
InAs/InP, InGaP/InP, AlInAs/AlGaAs, and Ge/Si [12].

To date, the self-assembling method is the typical method to fabricate
quantum dots for the active regions of semiconductor devices. Self-assembled
InAs QDs grown on InP substrates are of particular interest for operation
in the 1.55 µm wavelength region, crucial to optical communication systems.
Although InAs/InP QDs usually emit at wavelengths longer than 1.6 µm at
room temperature, it has been achieved to tune their emission wavelength to
the 1.55 µm wavelength region [13, 14]. Hence, thanks to the progress in self-
assembled growth technologies, actual quantum-dot based devices have been
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fabricated, and with a combination of fundamental research and application
research, increasing knowledge has been gained and applications based on
quantum-dot based devices are emerging rapidly. Yet, there is not a complete
understanding of these devices that allow to determine what can be ultimately
achievable with them or how can they be improved.

This thesis focuses on the study of quantum-dot microdisk lasers (QD-
MDLs) and quantum-dot semiconductor optical amplifiers (QD-SOAs) oper-
ating in the 1.55 µm wavelength region. As mentioned earlier, MDLs are
potentially interesting for use in compact optical networks, where a compact
footprint is a must. This motivated the investigation in this thesis, of how
small QD-MDLs can be done from a theoretical point of view (fabrication
faces other challenges) and how their QD gain medium influences their per-
formance. To this end, a quasi-three-dimensional frequency domain model
to compute the lasing modes and the Q-factors in a QD-MDL is developed.
The model when implemented is highly computationally efficient, contrary
to finite-difference time-domain based numerical models where computer re-
sources might be a limiting factor. Thus, the model may also constitute a
support tool to design microdisk lasers.

On the other hand, semiconductor optical amplifiers enhanced with quan-
tum dot active media have shown superior performance, for example, high
saturation output power, ultrafast gain recovery, regenerating capability in
nonlinear amplification and wide-band characteristics [15–19]. Recent appli-
cations based on QD-SOAs [20] have made use of unique properties of these
devices, that are not fully understood. In [20] direct non-inverted wavelength
conversion was demonstrated using an InAs/InP QD-SOA and a detuned filter,
and it was observed that the spectrum of wavelength converted pulses from a
QD-SOA showed a highly uneven spectral distribution of blue and red chirped
components compared with a bulk SOA, favoring the blue components. This
has driven the interest to contribute to the understanding of these unique
properties, through an experimental and theoretical study of QD-SOAs. The
QD-SOA unique characteristics that are addressed in this thesis include gain
saturation characteristics, gain and phase dynamics and cross gain modulation
and cross phase modulation effects. These studies are of particular importance
because they have been performed on the little investigated InAs/InP QD-
SOAs operating in the 1.55 µm wavelength region, providing insight into the
device performance in optical communication systems. Furthermore, to gain
understanding into the QD-SOA operation, simple models based on parame-
ters extracted experimentally are proposed. Models to describe the QD-SOAs
behavior can be done with different levels of complexity [16, 21–27], however
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in this thesis simple models are preferred and proposed, to avoid the inclusion
of uncertainties in unmeasurable parameters, to facilitate the understanding
of the QD-SOA basic characteristics and to provide a fairly accessible tool for
simulating this type of devices.

This thesis is organized as follows: Chapter 2 presents a quasi-three dimen-
sional frequency domain model to study the size limitations of quantum-dot
microdisk lasers. Chapters 3-5 are concerned with the experimental and theo-
retical study of quantum-dot semiconductor optical amplifiers. Chapter 3 de-
tails the experimental characterizations of QD-SOAs operating in the 1.55 µm
wavelength region, both in the static and dynamic regimes of operation. Chap-
ter 4 deals with the analysis of gain and phase dynamics of QD-SOAs, based
on the dynamical experimental characterizations. Chapter 5 presents a simple
two-level rate equation model that is the basis to explain some of the basic
characteristics of QD-SOAs. Finally in Chapter 6 conclusions and outlook are
given.



Chapter 2

Quasi-3D frequency domain

QD-MDL model

This chapter presents a quasi-three-dimensional (3D) frequency-domain model
to investigate the lasing modes of an InGaAsP/InP quantum-dot microdisk
laser (QD-MDL). The model requires a complex electric susceptibility to solve
the electromagnetic fields of the MDL. The model is used to investigate the
size limitations of the quantum-dot laser by evaluating its performance through
the cavity quality-factor (Q-factor), from which the linewidth can be inferred.
Other kind of microdisks can be studied with this model as long as the electric
susceptibility of the medium is known. The model results compare well with
experimental data available in the literature. Parts of this chapter are based
on publications1.

2.1 Introduction

Semiconductor MDLs are attractive because of their small cavity volume,
cleavage-free cavities, excellent wavelength selectivity, ultra-low threshold and
high cavity quality-factor (Q-factor), due to the great confinement of Whis-
pering Gallery Modes (WGM) propagating at nearly total internal reflec-
tion [28, 29]. Figure 2.1 shows a schematic view of the whispering gallery

1K. Solis-Trapala, R.W. Smink, J. Molina Vazquez, B.P. de Hon, and H.J.S. Dorren,
“High-Q whispering-gallery mode quantum-dot microdisk lasers,” Proc. 14th European Con-

ference on Integrated Optics, Eindhoven, The Netherlands, 2008.
K. Solis-Trapala, R.W. Smink, J. Molina Vazquez, B.P. de Hon, A.G. Tijhuis, and

H.J.S. Dorren, “Quasi-three-dimensional frequency-domain modeling to study size limita-
tions of quantum-dot microdisk lasers,” Opt. Comm., vol. 283(20), pp. 4046–4053, 2010.
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Figure 2.1: Sketch of whispering gallery mode propagation in a microdisk
and fiber or optical waveguide to couple the light in and out of the microdisk.

mode propagation in a microdisk, and a fiber or waveguide to couple the
light in and out of the microdisk. Since the demonstration of semiconductor
MDLs in the early 1990s [30], considerable work has been done on upgrading
them with quantum-dot active regions [31–38]. A quantum-dot (QD) active
region offers a fast response to external pumping, due to the suppression of
surface recombination and carrier diffusion in QDs [39, 40], and the possibil-
ity for simultaneous excitation of multiple WGMs inside one microdisk over
a wide spectral range, because of the QDs’ inhomogeneously broadened gain
spectrum [31, 33].

Optically and electrically excited microdisk lasers with quantum-dot ac-
tive regions have been recently fabricated and characterized [31–38]. In these
devices, self-organized quantum-dots are grown by molecular beam epitaxy
(MBE), metal-organic molecular-beam epitaxy (MOMBE) or metal-organic
vapor-phase epitaxy (MOVPE) on GaAs and other substrates. So far, these
devices operate in the 0.9 µm and in the 1.3 µm wavelength region. However,
important achievements have been made in the area of growth, developing
wavelength-tunable quantum dots in the 1.55 µm wavelength region based
on an InAs/InGaAsP/InP material system [13]. This offers the possibility of
the realization of quantum-dot microdisk lasers compatible with fiber-based
optical communication systems operating in the 1.55 µm wavelength region.

These new technologies in semiconductor MDLs require models to under-
stand their behavior, to design new devices and to fully exploit their potential.
Consequently, theoretical investigation of WGMs in MDLs has been a subject
of recent research [41–48] . Typically, theoretical models reduce the dimension-
ality of the original three-dimensional (3D) problem to a two-dimensional (2D)
formulation relying on the effective index method to account for the thickness
of the disk, but neglecting the wavevector dispersion in the axial direction.
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Using this simplification, several tools have been used in modeling microdisk
resonators, some of which have been reviewed in [49] and [50]. Among these
tools are the conformal mapping technique [42], the formulation of the Lasing
Eigenvalue Problem [46], the use of boundary integral equations [41] and all
numerical finite-difference time-domain (FDTD) approximations. In partic-
ular, a number of efforts have been made in employing the FDTD method
to simulate in both in 2D and 3D schemes [44, 45, 51, 52]. However, in full-
vectorial 3D simulations, the mesh generation and the cost of computations
make FDTD a time-consuming and highly memory-consuming tool [53].

Moreover, when modeling MDLs, it is typically assumed that the optical
field vanishes at the rim of the disk, i.e., no optical energy escapes beyond the
disk radius. This approximation, often referred to as the WGM approxima-
tion, is not appropriate when modeling small disks with resonant wavelengths
comparable to the disk radius [42] because of the increasing radiation losses
as the disk radius decreases.

The quasi-three-dimensional frequency-domain model presented in this
chapter is used to study the modes and to theoretically investigate the size lim-
itations of InGaAsP/InP QD-MDLs. For different disk geometries, the cavity
modes, and the quality-factors, from which the linewidths can be inferred, are
computed. The model when implemented is highly computationally efficient,
therefore computer resources are not a limiting factor as it can occur when
using other approaches, for instance FDTD based numerical models [53].

2.2 Model

Consider a laser with the shape of a disk with radius R, thickness L, and a
dielectric-air boundary, supported by a post. Figure 2.2 shows the geometry of
the investigated laser and the cylindrical coordinate system used. Microdisk
lasers as depicted in Figure 2.2 have been fabricated and characterized (see
e.g., [31, 35, 36, 43]). The active region of the disk laser consists of a number of
electrically pumped QD layers. The modes of interest are those propagating
along the edge of the disk, and therefore, the coupling of the field into the
supporting post is neglected. The effects on the modes’ propagation caused
by a top metal contact placed in the center of the disk for electrical injection
are also not considered. Later it will be shown that lower order modes are
not of interest since they suffer from large losses due to their low confinement
within the disk. An isotropic medium whose fields have a harmonic time-
evolution eiωt, where i is the imaginary unit

√
−1, is considered. Maxwell’s

equations are solved in terms of Borgnis’ potentials f and g, also known as
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Figure 2.2: Schematic of multiple-layer QD-MDL and coordinate system.

scalar wave functions [54]. These solutions are valid in homogeneous source-
free subdomains, subject to f and g satisfying scalar Helmholtz equations in
those regions. It is well known that Maxwell’s equations are only separable
in very few configurations. An important example is a circularly cylindrical
configuration with medium properties and sources that are invariant in direc-
tions along the cylinder axis. In that case, Maxwell’s equations reduce to two
decoupled separable 2D problems for TE modes, for which Ez and hence f
vanish, and TM modes, for which Hz and hence g vanish, respectively. The
corresponding fields are given by

{Er, Eϕ, Ez} =

{

∂2f

∂z∂r
− i

ωµ

r

∂g

∂ϕ
,
1

r

∂2f

∂ϕ∂z
+ iωµ

∂g

∂r
,
∂2f

∂2z
+ k2f

}

,(2.1)

{Hr,Hϕ,Hz} =

{

∂2g

∂z∂r
− i

ωε

r

∂f

∂ϕ
,
1

r

∂2g

∂ϕ∂z
− iωε

∂f

∂r
,
∂2g

∂2z
+ k2g

}

, (2.2)

in which {r, ϕ, z} are the usual cylindrical coordinates, and ω, ε = ε(ω),
µ = µ0, and k = k(ω) = ω

√
µε denote the angular frequency, the complex per-

mittivity, the permeability, and the complex wavenumber, respectively. The
model for computing the complex wavenumber will be specified later.

The microdisk under consideration is still invariant with respect to ro-
tations around the axis, implying that the field behavior with respect to ϕ
may still be separated off through a common factor exp(∓ikϕϕ), for modes
that propagate clockwise and counter-clockwise in the angular direction ϕ. In
particular, it may be written

g(r, ϕ, z) = G(r, z)e∓ikϕϕ. (2.3)



2.2 Model 11

For MDLs full separability is lost. Possible quasi-TM modes may be dis-
carded since attainable refractive indices are too small for quasi-TM modes
to have resonances in a thin slab with achievable threshold optical gain [42].
This approximation for the modal fields consists in explicitly imposing full
separation of variables on the scalar potential g for TE modes with respect to
z, i.e.,

G(r, z) = V (r)W (z), (2.4)

while setting f(r, ϕ, z) = 0. With Eqs. (2.3) and (2.4), the scalar Helmholtz
equation for g reduces to

d2V

dr2
+

1

r

dV

dr
−
k2

ϕ

r2
V + k2

rV = 0, (2.5)

d2W

dz2
+ k2

zW = 0, (2.6)

which constitute a system of two one-dimensional Helmholtz equations, cou-
pled through the respective radial and vertical wavenumbers kr and kz via



















kz = kz;i, kr =
√

k2 − k2
z;i = kr;i for r < R, z ∈ (−L, 0),

kz = kz;i, kr = −i
√

k2
z;i − k2

0 = −iγ for r > R, z ∈ (−L, 0),
kr = kr;i, kz = −i

√

k2
r;i − k2

0 = −iα for r < R, z ∈ R \ [−L, 0],
(2.7)

where k0 is the wavenumber in free space.

Assuming that separable scalar potential solutions g may be found for
the appropriate scalar Helmholtz equations in each of the six domains under
consideration (r < R or r > R, and z < −L, or z ∈ (−L, 0), or z > L), the
fields given by Eqs. (2.1) and (2.2) automatically satisfy Maxwell’s equations
in those domains.

However, not all boundary conditions across the interfaces can be satisfied
any more (otherwise the problem would be separable). Instead, the continuity
of the dominant tangential field components across the interfaces between the
disk and its environment is imposed, i.e., the continuity of Eϕ, and Hz across
r = R, z ∈ (−L, 0), and of Eϕ, Er, Hϕ, and Hr across z = −L and z = 0,
r < R.

In the end, the price to pay is the loss of the continuity of the normal com-
ponents of the electric and magnetic flux densities across the disk boundaries
(which would follow automatically upon solving Maxwell’s equations exactly),
and of Hϕ across r = R. Further, the tangential field components and normal
flux density components also cease to be continuous across the four artificial
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interfaces r = R and z < −L or z > 0, and r > R and z = −L, or z = 0
within the free space surrounding the disk.

Since Ez = 0, Hϕ at r = R plays no role in the power transport across the
boundary of the disk, and neither do the normal components of the electric
and magnetic flux densities. Hence, it is expected that those field components
have hardly any impact on the quality factor of a mode. Since the fields
decay exponentially outside the disk, it may be argued that the discontinuity
artefacts in the exterior domain are not significant either.

The solution to Eq. (2.6) may be cast in the following form

W (z) =











Cz cos(θ) exp(−αz) for z > 0,

Cz cos(kz;iz + θ) for z ∈ (−L, 0),
Cz cos(θ − kz;iL) exp[α(z + L)] for z < −L,

(2.8)

where Cz is an arbitrary constant. With reference to Eqs. (2.1)-(2.4) the
continuity for r < R of Eϕ, Er, Hϕ, and Hr across z = −L and z = 0
is equivalent to the continuity of W and dW/dz. The continuity of W is
guaranteed through the specific form of Eq. (2.8). The continuity of dW/dz
across z = 0 yields exp(−2iθ) = (kz;i − iα)/(kz;i + iα), thus defining the
angle θ, which is related to the Goos-Hänchen phase shift, observed in the
total internal reflection from the dielectric-air interface [4]. The continuity of
dW/dz across z = −L finally leads to the characteristic equation

2αkz;i − (k2
z;i − α2) tan(kz;iL) = 0, (2.9)

where, in view of Eq. (2.7), α =
√

k2 − k2
0 − k2

z;i.

The solution to Eq. (2.5) may be cast in the following form

V (z) =

{

γ2Jkϕ(kr;ir)Kkϕ(γR) for r < R,

−k2
r;iJkϕ(kr;iR)Kkϕ(γr) for r > R,

(2.10)

where Jν(x) and Kν(x) denote the Bessel function of the first kind and the
modified Bessel function of the second kind with order ν, respectively. In
Eq. (2.10) it has been automatically accounted for the continuity of Hz and
hence of k2

rV across r = R, z ∈ (−L, 0). The continuity of Eϕ across r = R,
z ∈ (−L, 0) is equivalent to the continuity dV/dr across r = R, which leads to

γJ ′
kϕ

(kr;iR)Kkϕ(γR) + kr;iJkϕ(kr;iR)K ′
kϕ

(γR) = 0, (2.11)

where the primes indicate the derivative with respect to the argument. To-
gether, Eqs. (2.7), (2.9) and (2.11) constitute a set of relations that describe
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the dispersion properties of the modal solutions. Two modal indices are used
to label the solutions sought below, namely, the azimuthal mode number, M ,
where 2M corresponds to the number of the resonant field maxima in the
ϕ-direction, and the radial mode number N , where N − 1 denotes the number
of nodes in the radial variation of the field [30]. The corresponding modes are
referred to as TEM,N modes.

The computation of the Bessel functions is performed using their integral
representations [55] with well chosen integrations paths. The pertaining nu-
merical scheme is described extensively in [56]. The solution of Eq. (2.11) is
defined by the order of the (modified) Bessel function kϕ, and consequently
this leads to the solution of Eqs. (2.4) and (2.3) respectively. It is important
to remark that from the set of real valued solutions for kϕ obtained when solv-
ing Eq. (2.11), we select those solutions for kϕ that have integer values, while
non-integer solutions are discarded as we are looking for resonant phenomena.
These values are defined to be the azimuthal-mode number M , since only in-
teger values of kϕ assure a periodicity in ϕ [see Eq. (2.3)]. Thus the laser’s
field is reproducing itself in shape, amplitude and phase after each round trip.
It is noteworthy that to achieve these results it is not assumed that the field
vanishes at the rim of the disk (WGM approximation). In this approach the
field does not vanish at the rim of the disk but extends into free space.

Substituting Eqs. (2.8) and (2.10) into Eq. (2.3) and the result into Eqs.
(2.1) and (2.2), and evaluating the derivatives, one obtains the full expression
for the electric and magnetic fields inside and outside the microdisk laser.
Next, the electric and magnetic fields are used to calculate the Q-factor for
the i-th mode, employing the following relation [54]:

Q = ωi
E
P
, (2.12)

where ωi denotes the natural angular frequency of the i-th mode, E is the
energy stored in the cavity, and P denotes the power loss. Hence, the stored
energy inside the cavity is computed and the power loss is computed using the
Poynting vector. For further details on the computation of the Q-factor the
reader is referred to Appendix A.

Lastly, another important optical property of the MDL is the linewidth
(the full width at half-maximum) of the cavity mode, ∆λi. This is simply
defined as the ratio of the resonant cavity wavelength of the i-th mode, λi, to
the Q-factor of the cavity mode, Q [57]:

∆λi =
λi

Q
. (2.13)
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Note that the linewidth represented by Eq. (2.13) gives a theoretical limit,
which is difficult to reach in reality due to several noise sources like tempera-
ture fluctuations or mechanical vibrations.

2.2.1 Quantum-dot gain and induced refractive index

To solve the modes in the resonator, it is necessary to specify the complex
wavenumber k(ω) inside the microdisk in the system of Eqs. (2.1) and (2.2).
To this end, this laser problem is addressed using a semi-classical approxima-
tion: the laser field is described classically while the gain medium is described
quantum-mechanically.

The approach by Yariv [57] is followed. In brief, in this approach the
resonant optical transition modifies the susceptibility. The susceptibility is
composed of a background susceptibility χb(ω) and a susceptibility χtr(ω)
induced by the resonant transition. The complex wavenumber is defined as [57]

k(ω) = ω
√

µ0ε(ω), (2.14)

where:

ε(ω) = εb

[

1 +
ε0
εb
χtr(ω)

]

. (2.15)

In Eq. (2.15), εb = ε0(1 + χb) has been employed, with εb and ε0 the
background and free space permittivities, respectively. Using Eqs. (2.14) and

(2.15) and ηb = (εb/ε0)
1/2, where ηb is the background refractive index, one

may equivalently write

k(ω) =
ω

c
ηb

√

1 +
χtr(ω)

η2
b

, (2.16)

here c is the speed of light in vacuum, and χtr(ω) = χ′
tr − iχ′′

tr is related to
the induced refractive index; δη(ω), and the gain; g(ω), through its real and
imaginary parts respectively, via relations (2.17) and (2.18) as discussed in
Appendix B:

δη =
1

2ηb
χ′

tr, (2.17)

g = −1

2

ω

cηb
χ′′

tr. (2.18)

To complete this approach, the QD steady-state gain and carrier-induced
refractive index change are calculated. To compute the susceptibility of the
gain medium, a uniform distribution of the QDs is considered, taking into
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account the QD inhomogeneous broadening due to different alloy composition,
the different QD confined levels, and their corresponding matrix elements.
Moreover, a small signal gain regime is considered, in which the gain and
carrier-induced refractive index change are constant in time. This linear gain
model is described in detail in Refs. [58, 59]. For a QD of given energy gap,
the gain and carrier-induced refractive index, considering relations (2.17) and
(2.18), are given by

gQD(ω) =
σ2D ~γp Γ

2 c ǫ0 hQD ηb

∑

i

ω d2
i

(

ne
i + nh

i − 1
)

[

(∆εi)
2 + (~γp)

2
] , (2.19)

δη(ω) = − σ2D Γ

2 ǫ0 hQD ηb

∑

i

∆εid
2
i

(

ne
i + nh

i − 1
)

[

(∆εi)
2 + (~γp)

2
] , (2.20)

where the summation is over all allowed transitions i. Further summing over
the entire inhomogeneous QD distribution with different energy gaps gives the
total gain and index spectra of the amplifier.

In Eqs. (2.19) and (2.20) di = d0 |〈ψe|ψh〉|i is the dipole matrix element for
a given transition with d0 being the interband bulk dipole matrix element and
ψe (ψh) the electron (hole) wavefunction, ~ is the reduced Planck’s constant,
γp is the polarization dephasing rate, Γ = 0.20 [60] is the optical confinement
factor of the QDs, σ2D is the two-dimensional QD density, hQD is the QD
height, ∆ε is the resonance condition given by the difference between the
energy of a particular allowed transition, i, and the photon energy; and ne

i

(nh
i ) is the electron (hole) occupation number. The gain and refractive index

can be related to the injection current following the approach described in [61].
In brief, it is shown here that electron and hole occupation numbers (ne

i and
nh

i ) can be summed up to form the carrier number. The carrier number can
be related to the injection current via standard relationships [61].

2.3 Size limitations of QD-MDLs

In the previous section the microdisk was treated as a dielectric disk with
optical gain. To search for its optical (i.e., electromagnetic) modes the 3D
Maxwell equations were solved employing a complex wavevector obtained from
a microscopic quantum-dot model. In this section the model will be used to
explore the size limitations of InGaAsP/InP QD-MDLs; it is aimed to provide
a support tool to design this kind of devices. Furthermore, the model will
help to understand the mode behavior in this kind of devices and to study the
Q-factor dependence on mode wavelength, disk radius and disk thickness.
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Figure 2.3: Quantum-dot gain (solid) and carrier-induced refractive index
(dashed) spectra. The gain spectrum shows two clear discrete peaks: the peak
in the longest wavelength side corresponds to the ground state and the other
peak to the first excited state transition.

To perform the theoretical study, a QD gain medium is chosen with a
single layer having a QD density of 4 × 1010cm2 [62–64] and an average dot
height of 5 nm [63, 64] across the QD distribution, which has a Gaussian in-
homogeneous broadening of 15 meV. To calculate the energy levels of the
QDs, an anisotropic parabolic confinement potential, as suggested by photo-
luminescence spectra [62, 65], is assumed with confinement energies charac-
terized by ~ωe + ~ωh = 105 meV in the plane of the propagating field and
~ωe + ~ωh = 300 meV in the axial (growth) direction. The wetting layer
energies are chosen to be 153.3 meV and 76.7 meV above the ground state
for electrons and holes, respectively [62, 66]. The background refractive index
is 3.39, which corresponds to that of 1.55µm-In0.72Ga0.28As0.61P0.39-InP [3].
Figure 2.3 shows the QD gain and carrier-induced refractive index spectra cal-
culated using Eqs. (2.19) and (2.20). The gain and carrier-induced refractive
index can be scaled proportionally to the number of QD layers.

In this analysis, microdisks with radii in the range 1 µm≤ R ≤2.5 µm
and thicknesses in the range 75 nm≤ L ≤250 nm are considered. In view of
the two telecommunication windows, the modes of interest are in the range
1.3 µm≤ λ ≤1.7 µm. For any disk geometry, their modes in the indicated
interval can be found by solving the transcendental equations (2.9) and (2.11).

To explore the size limitations of this kind of lasers, Figures 2.4a and 2.4b
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are presented. These figures show the resonant wavelength as a function of
disk radius and disk thickness, respectively.
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Figure 2.4: Resonant wavelengths of modes TE12,N (solid) and TE14,N

(dashed) as a function of (a) the disk radius, for a fixed thickness of 200 nm,
and as a function of (b) the disk thickness, for a fixed radius of 1.5 µm.

In Figure 2.4a the thickness is fixed to L =200 nm, and in Figure 2.4b
the disk radius is fixed to R =1.5 µm. For clarity, only the TE12,N modes
and the TE14,N modes are plotted. However, each disk geometry can support
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a larger number of modes with azimuthal-mode numbers limited by M <
Mmax = 2πRneff/λ, where neff is the effective refractive index in the z-
direction [42]. Similarly, for a mode to exist in the studied wavelength range
minimally requires certain disk dimensions, for instance the mode TE12,1 needs
at least R ∼1.25 µm and L =200 nm (see Figure 2.4a). A consequence of these
relations is that the resonant wavelength varies linearly with the disk radius
but not with the disk thickness. This is because the latter parameter causes
a nonlinear increment on the effective refractive index in the z-direction.

Figure 2.4 also shows that the separation between two resonant wave-
lengths for the same mode number, i.e., the free spectral range depends non-
linearly with the disk size. This nonlinear behavior can be attributed to the
Bessel-type nature of the modes in the radial direction. If the radius increases,
the Bessel expansion can in good approximation be replaced by an expansion
in harmonics and consequently the free spectral range becomes constant.

Another constraint in the size of the disk radius is imposed by the sup-
porting post. The disk radius length should allow for a spatial distribution
of the electric field without a significant overlap with the pedestal. If there
is a substantial overlap of the electric field spatial distribution with the post,
it will not be possible to neglect coupling into it and scattering losses will
arise from this situation. This eventually can prevent the laser to lase [36].
However, situations in which lasing can occur are those of interest. This is
the case for modes with small round trip losses, that is, those with higher
azimuthal-mode numbers and lower radial orders for which the field is con-
centrated near the rim of the disk. Accordingly, it is found that a disk with
radius as small as 1.6 µm and L =200 nm can support a TE12,1 mode in the
1.5 µm wavelength region (see Figure 2.4a). The corresponding Q-factor and
linewidth are 2.4 × 104 and 65 pm, respectively.

Now, the Q-factor behavior as a function of wavelength is investigated. A
derivation of the Q-factor can be found in Appendix A. Figure 2.5 shows all
the Q-factors for the resonant modes of disks with radii in the range 1 µm≤
R ≤2.5 µm and L =200 nm. For these disks firstly all the resonant modes are
computed in a wavelength window 1.3 µm ≤ λ ≤1.7 µm. Subsequently for
these resonant modes the corresponding Q-factors are computed. It is found
that the Q-factor is inversely proportional to the QD gain as a function of the
wavelength. This can be explained by the fact that modes whose wavelengths
coincide with wavelength that receive less gain, also have lower losses and
achieve a higher Q-factor (∼ 106). On the other hand, modes having more
gain are more amplified and consequently the losses are greater than those in
the previous case, which results in Q-factors which are still in the order of 104.
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Figure 2.5: Q-factor as a function of the resonant wavelengths that are
supported by disks with radii in the range 1 µm≤ R ≤2.5 µm and fixed
thickness of 200 nm. The Q-factor is inversely proportional to the QD gain as
a function of the wavelength.

This behavior, i.e., the degradation of the Q-factor as the modes are located
closer to the peak of the quantum-dot gain, is qualitatively in agreement with
experimental data reported in [36], where an AlGaAs/GaAs microdisk cavity
with a single layer of InAs quantum dots, with R ∼ 2.25 µm, L =255 nm,
and very smooth edge sidewalls, was fabricated and characterized. Also, the
values of the Q-factors reported here are comparable to those of microdisk
lasers with similar dimensions and with smooth sidewalls recently reported in
the literature [34–36]. Similar results of Q-factor as a function of wavelength
are found if one computes the resonant modes and corresponding Q-factors of
disks with thicknesses in the range 75 nm≤ L ≤250 nm and R =1.5 µm.

Figures 2.6a and 2.6b are presented to explore the Q-factor relation with
disk radius, disk thickness and mode order. The resonant wavelength is fixed
to 1.55 µm, and the TEM,N modes for disks with radii in the range 1 µm≤
R ≤2.5 µm and L =200 nm are computed, and so are the TEM,N modes
for disks with thicknesses in the range 75 nm≤ L ≤250 nm and R =1.5 µm.
These modes are shown in the insets of Figures 2.6a and 2.6b, respectively.
Each line in the plots is associated to a radial order N . As expected, as the
disk dimensions increase, a larger number of modes with higher azimuthal-
mode numbers are supported. Then, the Q-factors associated to these modes
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are computed and plotted as a function of the disk radius (Figure 2.6a) and
the disk thickness (Figure 2.6b).
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Figure 2.6: Q-factor of the TEM,N modes supported in (a) disks with radii
in the range 1 µm≤ R ≤ 2.5 µm and L =200 nm, and in (b) disks with
thicknesses in the range 75 nm≤ L ≤ 250 nm and R = 1.5 µm. The resonant
wavelength λ, is 1.55 µm. Insets: TEM,N modes as a function of (a) the disk
radius (L = 200 nm) and (b) as a function of the disk thickness (R = 1.5 µm).
Each line in the plots is associated to a radial order N . The modes with N = 1
achieve the highest Q-factors.
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Figures 2.6a and 2.6b show that the modes with the highest azimuthal-
mode number M , and the lowest radial order N , posses the highest Q-factors.
This is a result of the propagation more towards the disk rim of these modes
compared to the lower order-modes. The latter propagate more towards the
center of the disk with more than one maximum in the radial direction.

Figures 2.6a and 2.6b also show a Q-factor improvement as the disk di-
mensions increases. An increase in the disk dimensions allows for a greater
mode confinement which allows the propagation of less lossy modes which con-
sequently achieve higher Q-factors. Accordingly Figures 2.7a and 2.7b show
the improvement of the confinement factor when the disk radius and the disk
thickness are increased, respectively. The confinement factors are those corre-
sponding to the modes shown in the insets of Figures 2.6a and 2.6b, and are
defined as

Γ =

∫

active layer |〈S(r, ϕ, z)〉|dV
∫

∞

−∞
|〈S(r, ϕ, z)〉|dV (2.21)

with 〈S(r, ϕ, z)〉 the time-averaged Poynting vector.
Thus, for improving the microdisk laser performance there is a trade-off

between the disk radius and thickness, such that the selected geometry should
support higher-order modes propagating at the disk rim with a high confine-
ment. Moreover, this disk geometry should allow for the propagation of modes
at wavelengths overlapping with the QD gain peaks, so they can overcome any
other losses that might be present in the cavity (roughness, scattering, etc.)
and that are not considered in this model.
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Figure 2.7: Confinement factor of the TEM,N modes shown in the insets
of Figure 2.6. Confinement factor as a function of (a) the disk radius (L =
200 nm) and (b) as a function of the disk thickness (R =1.5 µm). The resonant
wavelength λ, is 1.55 µm. Each line in the plots is associated to a radial order
N . The modes with N = 1 achieve the highest confinement factors.
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2.4 Model validation

The results presented in the previous section showed to qualitatively predict
the experimental behavior of Q-factors of similar quantum-dot microdisk lasers
to the ones studied here, recently reported in the literature [34–36]. In this
section, the model will be further validated by comparing its results to the
measured optical spectrum of a heterogenously integrated InP-based microdisk
laser with three InAsP quantum wells [8].

The device investigated in [8] is electrically pumped through a top metal
contact in the center of the disk and a bottom contact on a thin lateral contact
layer. It has a radius and a thickness of 3.75 µm and 580 nm, respectively.
The refractive indices on the top, on the bottom and inside the disk [i.e. in
the three regions described by Eq. (2.8)], are estimated to be 1, 1.47 and 3.2,
respectively. An accurate knowledge of the active medium susceptibility, i.e.
the gain and the induced refractive index of the three InAsP quantum wells,
is not available. Therefore, three QD layers of the QD gain medium described
in previous sections were employed in the simulation. The lack of accuracy in
the medium susceptibility implies that the Q-factors can not be reproduced
with the model here described. Therefore, the model validation will be limited
to predict the lasing wavelengths, as these are mainly determined by the disk
dimensions and the contrast between the involved refractive indices.

Modes in the wavelength range 1545 nm≤ λ ≤1625 nm are sought in the
described structure. To compare the lasing wavelengths measured experimen-
tally to those predicted by the model described here, Figure 2.8 is presented.
Figure 2.8a shows the measured optical spectrum of the 3.75 µm radius InP-
based microdisk laser2 from [8] (Fig. 3). Figure 2.8b shows all the modes
found in the MDL by the model. The modes in Figure 2.8b are divided into
two groups (by the continuous line) according to its radial order N . Those
with radial order N > 2 are below the continuous line (open circles), and those
with N ≤ 2 are above (filled circles). As it has been discussed earlier, modes
with a low radial order N propagate more towards the rim of the disk, and
posses the best characteristics in terms of Q-factors and confinement factors.
Therefore, the modes measured experimentally are identified as those modes
with N ≤ 2 (filled circles). For clarity, Figure 2.8a has been labeled with these
mode numbers. Observe from Figure 2.8a that the modes with radial order
N = 1 have also higher power levels than those with N = 2, being this an
indicator of their better confinement.

2T. Spuesens of [8] is acknowledged for supplying the experimental data shown in Figure
2.8a.
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Figure 2.8: Modes’ wavelengths found in a 3.75 µm radius InP-based mi-
crodisk laser by (a) experimental measurement of optical spectrum (from [8])
and predicted by (b) the model. The TEM,N modes predicted by the model
are divided into two groups (by the continuous line) according to their radial
order N . Those with N ≤ 2 (filled circles) are identified as those experi-
mentally measured and are labeled accordingly in (a). The rest of the modes
(open circles) are not measurable since they must have been absorbed by the
top metal contact of the disk due to their propagation more towards the center
of the disk. The experimental data is courtesy of T. Spuesens [8].
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The lasing wavelengths obtained by the model are in very good agreement
with those measured. A minimum absolute error of 0.08 nm occurs in the
prediction of mode TE25,2 and a maximum absolute error of 4.54 nm occurs
in the prediction of mode TE29,1. The errors are attributed to fabrication in-
accuracies in the definition of the disk diameter, the inaccuracy of the medium
gain and possibly of the involved refractive indices.

As the radial order N increases, the propagation occurs more towards the
center of the disk. To exemplify how the modes propagate more towards
the disk center as N increases, the confinement of modes with three different
radial orders (TE30,1, TE25,2, and TE22,3) is presented in Figure 2.9. Due to
the propagation more towards the disk center, the modes with radial order
N > 2 shown in Figure 2.8b (empty circles) must have been absorbed by the
top metal contact and therefore are not measurable. However, the model is
able to resolve these modes as the effects of the top metal contact on the
modes’ propagation have not been taken into account. Therefore, this model
can also constitute a guideline for the design of the top metal contact diameter,
in order to have the propagation of just the highly confined modes.

(a) (b) (c)

Figure 2.9: Computed mode confinement of (a) TE30,1, (b) TE25,2, and (c)
TE22,3 modes in a 3.75 µm radius InP-based microdisk laser. White corre-
sponds to the highest field density and black to the lowest field density. As the
radial order N of the TEM,N modes increases, the propagation of the mode
occurs more towards the center of the disk.

2.5 Discussion

In this chapter, a quasi-three-dimensional frequency-domain model to com-
pute the lasing modes and the Q-factors in an InGaAsP/InP quantum-dot
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microdisk laser has been presented. The model can be used to study any other
kinds of microdisks as long as the susceptibility of the medium is known. The
model has offered an understanding of the mode behavior in this kind of MDLs
and has been used to investigate its size limitations. It was observed that to
enhance the performance of the quantum-dot microdisk, in terms of the Q-
factor, there is a trade-off between the microdisk dimensions and its modes
wavelengths overlap with the QD gain peaks. It was found that higher-order
modes with high Q-factors (∼ 2.4× 104), and consequently narrow linewidths
(∼ 65 pm) propagating in the 1.55 µm wavelength region, can be sustained in
disks with a radius from 1.6 µm and a thickness of 200 nm. It is important
to remark that it is possible to engineer a quantum-dot gain medium having
ground and excited state transition peaks centered at the lasing wavelength
of the desired modes or to modify the number of QD layers to enhance the
Q-factor and linewidth of the microdisk under study.

The model results showed to be comparable to recent characterizations of
similar disk lasers, having similar dimensions and a single layer of quantum
dots (although with a different material system), but more importantly with
smooth sidewalls [35, 36]. This is significant since the Q-factors computed here
do not account for scattering losses at the disk edge or for disk roughness,
in fact including them is not a trivial issue and is the subject of [67, 68].
However, other decay mechanisms can be characterized by their own Q-factor
(Qi), and added to the one computed here (Q), giving a total Q (QT ) of
Q−1

T = Q−1 +Q−1
i . Losses due to surface recombination have been neglected

due to the nature of the quantum dots. The model results also compared well
with measured lasing spectra of an InP-based quantum well MDL [8]. In this
case, even improved correlation can be obtained with accurate knowledge of
the medium susceptibility.

Contrary to FDTD based numerical models where computer resources
might be a limiting factor [53], this model when implemented is highly com-
putationally efficient, offering the possibility to solve the transcendental equa-
tions in the order of seconds using a personal computer. With this, it is aimed
for the model to be used as a support tool to design microdisk lasers.



Chapter 3

QD-SOA experimental

characterization

The experimental characterization of the quantum-dot semiconductor optical
amplifiers (QD-SOAs) used in this thesis is presented. The characterization
is done both in the static and dynamic regimes. The static characterization
involved the measurement of basic parameters of the devices, such as ampli-
fied spontaneous emission spectra and gain saturation characteristics. The
dynamic characterization was performed by means of a pump-probe technique.
Furthermore, XGM and XPM effects in QD-SOAs are also investigated. Parts
of this chapter were previously published in 1.

3.1 Introduction

In order to contribute to the understanding of some of the unique properties
of quantum-dot semiconductor optical amplifiers, the rest of this dissertation
has been devoted to the study of these devices using a theoretical in parallel to
an experimental approach. In this chapter a comprehensive characterization
of the QD-SOAs used in this work, is presented. The devices operate in the
1.55 µm wavelength region. In the forthcoming chapters this information will
be used in modeling tools aimed to provide insight into the QD-SOA operation.
The chapter is divided into two parts. The first part, besides providing details
about the devices’ characteristics, presents the basic properties of the QD-
SOAs in the static regime; namely the amplified spontaneous emission (ASE)

1K. Solis-Trapala, Y. An, R. Nötzel, H.J.S. Dorren, and R.J. Manning, “Gain and
phase dynamics of an InAs/InGaAsP/InP quantum-dot semiconductor optical amplifier at
1.55 µm,” Proc. OSA Nonlinear Photonics Conference, Karlsruhe, Germany, 2010.
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spectra and the gain saturation. In the second part, measurements of the
dynamic properties of the QD-SOA, using a pump-probe technique will be
presented. Cross gain modulation (XGM) and cross phase modulation (XPM)
effects in QD-SOAs will also be investigated.

3.2 QD-SOA devices

In the course of this work two QD-SOAs of the travelling-wave type were used.
Both were based on an InAs/InGaAsP/InP QD material system, operating in
the 1.55 µm region.

One of the devices was a 5 mm long commercial QD-SOA from QD Laser Inc.
The package contained a thermo-electric cooler element and a thermistor for
temperature control. During the experiments, its temperature was controlled
to 21◦C. No further details about the device structure or QD characteristics
are available.

The other QD-SOA was fabricated and packaged at COBRA Research
School2. The device consisted of a shallowly etched ridge waveguide whose
width was 3.5 µm. An antireflection (AR) coating was applied to both cleaved
facets of the straight waveguide to prevent lasing. The device length was
5.22 mm. The active medium was provided by self-assembled InAs QDs
stacked in five layers to increase the active volume. The sample was grown by
MOVPE on n-type InP substrates, in the Stranski-Krastanov mode. In this
growth mode the quantum dots are formed on an extremely thin film, called
a wetting layer, whose thickness was estimated to be between 1 and 2 mono-
layers (ML). An ultrathin GaAs interlayer was inserted underneath the QDs,
resulting in reduction of the QD size and emission wavelength as a function of
the thickness. The interlayer thickness was above 1 ML (∼1.3 MLs) to avoid
the formation of dashes [69]. This, together with optimized growth conditions
made the operation in the 1.55 µm region possible [13, 69]. The five widely
(40 nm InGaAsP separation layers) stacked InAs QDs plus GaAs interlayers
underneath, were placed in the center of a 500 nm thick lattice matched In-
GaAsP waveguide core (Q1.25 InGaAsP). The width, height and area density
of the QDs are 30-60 nm, 4-7 nm, and ∼3×1014 m2 [13].

The device was packaged and pigtailed as described in [70] using lensed
fibers. The estimated coupling losses were 10.19 dB and 9.37 dB for the in-
put and output port, respectively. For temperature control, a thermo-electric
cooler element along with a thermistor were integrated in the package. In all

2R. Nötzel, S. Anantathanasarn and J.H.C. van Zantvoort are acknowledged for fabrica-
tion and packaging of the QD-SOA.
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Figure 3.1: QD-SOA fabricated and packaged at COBRA Research School.

experiments employing this device, its temperature was controlled to 10◦C.
The bias current was injected through five electrodes distributed along the
SOA. The easily handling packaged device, whose picture appears in Figure
3.1, showed stability and reproducible measurements. The main body of this
work was based on the QD-SOA fabricated at COBRA Research School. How-
ever, it was considered relevant to compare qualitatively its results to those of
a commercial device employing the same QD material system. For simplicity,
henceforth the QD-SOA fabricated at COBRA will be referred to as the non-
commercial QD-SOA and that provided by QD-Laser Inc. will be referred to
as the commercial QD-SOA.

3.3 Static characterization

The main QD-SOA properties in the static regime will be presented, namely
the ASE spectra and gain saturation. Together these measurements provide
important information of the device including gain bandwidth, operational
current range and gain saturation characteristics.

3.3.1 ASE spectra

The ASE spectra from both QD-SOAs were collected using an optical spectrum
analyzer (OSA) preceded by an isolator to prevent that any reflections from
this device influence the QD-SOA performance. Figure 3.2 plots the ASE
spectra for different bias currents in both the commercial QD-SOA and the
noncommercial QD-SOA. For the latter device, the ASE spectra was collected
from both input and output facets, as shown in Figure 3.2b. As can be seen,
there is an important discrepancy between the facets’ output powers. This
is most likely the result of a technical problem during the AR coating of the
device. As for the commercial QD-SOA, collection of ASE spectra from the
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other facet was not possible due to the presence of isolators in the device
package.
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Figure 3.2: ASE spectra for different bias currents in increments of 0.2 A,
in (a) commercial QD-SOA and in (b) noncommercial QD-SOA; continuous
lines: ASE spectra from output facet, broken lines: ASE spectra from input
facet. The discrepancy between the facets’ output powers is the result of a
technical problem during the AR coating of the device.

The discrete energy levels in the quantum dots are size dependent and
dictate the emission wavelength. During the formation of quantum dots there
is a large size fluctuation, determining to a large extent, the inhomogeneously
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broadened ASE spectrum, as shown in Figure 3.2. In addition, compositional
fluctuation of indium among each QD has also been attributed to the spectral
broadening [9].

Similarly to bulk and quantum well amplifiers the ASE spectrum shifts to
shorter wavelengths as the current increases. This has been attributed to the
contribution of higher energy states to the optical gain as current increases,
once the lower energy states have been saturated at lower injection currents
[71]. More explicitly, ground states (GS) will first contribute to the gain, and
once those states are fully occupied, higher energy states, i.e. excited states
(ES) will take over. If the energy difference between excited and ground
states is relatively small, it is not possible to distinguish between ES and
GS contributions. This is a suggested explanation of why photoluminescence
measurements from InAs QDs grown on GaAs substrate show two individual
peaks, one for the GS and one for the ES [9], while those of InAs QDs grown
on InP substrate show one wide peak [72, 73]. A second effect that has been
suggested to play a role in the shift of the ASE spectrum towards shorter
wavelengths with increasing currents is a dot-size dependent escape rate of
carriers from the dots to the wetting layer (WL), leading to a gain contribution
from larger to smaller dots as current increases [71]. Under this hypothesis,
carriers are captured into the dot at the same rate, however, the escape rate
of carriers from dots to the WL is larger for the smaller dots compared to the
larger dots, since the formers have higher energy levels which are closer to the
WL energy level. As a result, the greater population of carriers in larger dots
will lead the gain contribution, and as current increases, the contribution of
smaller dots will follow [71].

From the ASE spectra shown in Figure 3.2, one can determine the range
of operational currents and wavelengths (bandwidth) for these devices. This
was essential information for the characterization described in the remaining
of the chapter.

3.3.2 Gain saturation

An important figure of merit of an amplifier is the saturation output power,
defined as the output power at which the amplifier gain is half the small signal
gain. This parameter quantifies the gain saturation in optical amplifiers and
delimits two operation regions: the linear and the nonlinear amplification
regimes. The first one used for linear amplification and the latter for non-
linear signal processing applications.

Gain saturation measurements were performed on both QD-SOAs. The
gain saturation curves were obtained by varying the input power of an incident
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continuous wave (CW) to the SOA, and measuring its correspondent gain after
traversing the device. To perform the gain measurements, the experimental
setup shown in Figure 3.3 is used. The output from a tuneable CW laser was
passed through a variable optical attenuator for power control, and then split
by a 3 dB coupler. One of the arms of the coupler was used as power monitor,
and the other was input, through a polarization controller to the QD-SOA.
At the SOA output an isolator was used to eliminate feedback and the signal
was observed on an OSA. The amplified spontaneous emission power level was
subtracted from the output signal to give the output power. The ratio of the
signal output power to the input power gave the gain. The coupling losses
were taken into account in the computation of the gain for the noncommercial
device. In the commercial device, fiber-to-fiber gain was quantified, meaning
that the input (output) powers were measured at the input (output) fiber of
the device.

Figure 3.3: Gain saturation measurement setup.

An important issue in the gain measurements was the polarization control.
The QD-SOAs tested here were highly polarization dependent (TE polarized),
hence the polarization of the input beam was carefully adjusted for maximum
signal output power. The flat shape of the QDs formed by the self-assembling
method is the origin of the polarization sensitivity [14, 19]. While the widely
stacked (∼40 nm) QDs increases the active volume, the characteristics of each
layer remain very similar, i.e. the QDs respond to TE polarized light but not
at all to TM polarized light [14]. This is the case for the QD-SOA fabricated
at COBRA and most likely the case of the commercial SOA as well. The
polarization dependent gain (GTE −GTM ) was ∼35 dB. If the QDs are closely
stacked (∼4 nm), quasi-isotropically shaped QDs (columnar QDs) are realized
as a result of vertical electronic coupling, and polarization insensitive devices
can be achieved [14, 19].

Figure 3.4 plots the gain saturation measurements taken for both ampli-
fiers. For the commercial QD-SOA, Figure 3.4a plots gain saturation measure-
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ments for a range of bias currents, the CW wavelength was set to 1560 nm.
An increment of the saturation output power is observed as the bias current
increases. This parameter increases from 8.72 dBm to 14.71 dBm for bias
currents ranging from 0.8 A to 2 A. Furthermore, an input power saturation
effect is observed from bias currents above 1.4 A. It should be recalled that in
this case, the coupling losses were not taken into account and the fiber-to-fiber
gain was measured.

In the case of the noncommercial QD-SOA, the gain saturation curve at
a bias current of 0.6 A is shown in Figure 3.4b. The CW wavelength was
1554.5 nm. The output saturation power was 9.66 dBm. The collection of
gain saturation characteristics at higher currents proved to be ambiguous due
to the large facet reflections. The inset of Figure 3.4b displays the small signal
gain spectra for different bias currents, showing how the gain ripple becomes
more significant as current increases. A variation in the input power produced
changes in the position of ripple peaks due to refractive index changes, as a
consequence, the gain saturation measurements were seriously distorted.



34 QD-SOA experimental characterization

−20 −10 0 10 20
5

10

15

20

25

30

F
ib

er
−

to
−

fi
b

er
 g

ai
n

 (
d

B
)

Output power, P
out

(dBm)

I (A)

λ=1560 nm

(a)

−20 −10 0 10
5

10

15

20

G
ai

n
,
G

 (
d

B
)

Output power, P
out

(dBm)

1500 1550 1600
−20

0

20

40

S
m

al
l 

si
g
n
al

 g
ai

n
 (

d
B

)

Wavelength, λ (nm)

I=0.6 A

λ=1554.5 nm

0.8 A

0.6 A

1 A

(b)

Figure 3.4: Gain saturation characteristics of (a) commercial QD-SOA (no
coupling losses considered) for currents ranging from 0.8 A to 2 A, in incre-
ments of 0.2 A (λ=1560 nm), and of (b) noncommercial QD-SOA (coupling
losses considered) for a bias current of 0.6 A (λ=1554.5 nm). Inset: small
signal gain spectra for different bias currents, at high bias currents strong
gain ripples are observed. The saturation output power of the (a) commercial
QD-SOA increases from 8.72 dBm (at 0.8 A) to 14.71 dBm (at 2 A), and that
of the (b) noncommercial QD-SOA is 9.66 dBm at 0.6 A.
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3.4 Dynamic characterization

In this section the dynamic properties of the QD-SOAs are discussed. First,
the gain and phase dynamics are characterized using a pump-probe technique.
Second, the cross gain modulation (XGM) and cross phase modulation (XPM)
effects in QD-SOAs are explored.

3.4.1 Time-resolved gain and phase dynamics

There is a strong motivation for understanding the QD-SOA dynamics to
assess the potential of these devices for optical signal processing applications.
To address this issue, pump-probe measurements constitute a very useful tool
that has long been used to provide insight on the device carrier dynamics.
In the pump-probe method, one may use a weak, CW or pulsed probe, to
measure the modulation caused by an intense pump pulse. The use of a CW
probe saturates the SOA to some extent, whereas the use of a pulsed probe
allows the measurement of the unperturbed recovery dynamics, since the SOA
is unsaturated between pump pulses [74, 75].

Using this tool, i.e., pump-probe measurements, much research in recent
years has focused on the study of the gain and phase dynamics of QD-SOAs,
using pulsed pump and probe. This research has mainly focused on QD-SOAs
based upon InAs QDs grown on GaAs substrates, operating in the 1.1 µm to
1.3 µm wavelength range [27, 76–81]. Little study has been done on InAs/InP
QD-SOAs operating in the 1.55 µm region [82]. These studies [27, 76–82]
employed femtosecond pulses (∼100’s fs) for pump and probe signals in a het-
erodyne pump-probe technique. The diversity in the QD characteristics and
growing methods, require to have a similar variety of studies, specially on the
less investigated InAs/InP QD-SOAs. In this thesis, dynamic characterization
experiments were performed on the InAs/InP QD-SOAs introduced in Section
3.2. In the study, picosecond pulses (∼2.4 ps) were employed, which are simi-
lar to those used in 40 Gbit/s and 160 Gbit/s data streams. Furthermore, to
measure the gain and phase dynamics of the noncommercial QD-SOA, as it
will be described later, a pump-probe technique based upon an interferometric
arrangement was used. This technique is inexpensive, easy to construct and
proved to be stable and to give repetitive results.

Hence, using pulsed pump and probe, the gain and phase dynamics of the
QD-SOA fabricated at COBRA were measured in collaboration with Tyndall
National Institute (TNI). An established time-resolved spectroscopy test bed
available at TNI was used for performing the measurements [83, 84]. The ex-
perimental setup, is based upon the widely known TOAD (Terahertz Optically
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Figure 3.5: Basic configuration of the TOAD. PC: polarization control.

Asymmetric Demultiplexer) interferometer [85], where the QD-SOA was used
as the active element. Figure 3.5 illustrates the basic configuration of the
TOAD loop mirror where the SOA is offset from the loop center. As can be
seen from Figure 3.5, the probe pulses are input to the TOAD through the
50:50 base coupler. These are divided into clockwise (cw) and counterclock-
wise (ccw) propagating pulses which arrive at the QD-SOA at different times
since the QD-SOA is offset from the loop center. The offset is in the order of
nanoseconds to allow for full recovery of the device between pump pulses. In
the absence of a pump pulse, the cw and ccw pulses experience identical gain
and phase changes from the QD-SOA and after interference in the base cou-
pler, the resultant signal is fully reflected from the base coupler, provided that
the polarization control is properly matched. However, if a pump pulse is also
incident on the SOA, it copropagates with the cw signal. As a result, the cw
pulses will experience different gain and phase changes compared to the ccw
pulses (which arrive at a time when the SOA has fully recovered). Interference
of the recombining pulses at the base coupler then results in a different power
in the reflected (R) and transmitted (T ) arms of the loop mirror which can be
used to compute the gain and phase dynamics by the following procedure.

Considering the transmission port (T ), the total field is the result of the
interference of the cw and ccw probe pulses once they have passed through the
base coupler twice, once entering the loop and once leaving the loop. Defining
the coupling ratios k and d as the cross and through coupling, respectively, the
probe pulse E0e

−iωt is split into counterpropagating pulses of field strengths
keiπ/2E0e

−iωt and dE0e
−iωt, which after traversing the loop, result in the field



3.4 Dynamic characterization 37

emitted from the transmission port [86, 87]:

|ET |2 =
(

d2g(t)E0e
−(iωt+φ(t)) − k2g0E0e

−iωt cos θ
)2

+
(

k2g0E0e
−iωt sin θ

)2
,

(3.1)
where gt (g0) is the gain experienced by the cw (ccw) propagating pulses, φ(t)
is the phase shift induced by the pump pulse and θ is the polarization angle
between the two fields [87]. To calculate the transmitted power, Eq. (3.1) is
expanded yielding:

PT = P0G0

(

k4 − 2d2k2 g0g(t)

G0
cos θ cos φ+ d4G(t)

G0

)

, (3.2)

where PT and P0 are proportional to the transmitted power and the input
power to the loop, respectively. In Eq. (3.2), G0 = g2

0 and G(t) = g(t)2 have
been introduced. A similar procedure can be followed to derive the power in
the reflection arm, the result is:

PR = P0G0

(

d2k2 + 2d2k2 g0g(t)

G0
cos θ cos φ+ d2k2G(t)

G0

)

. (3.3)

To normalize, Eqs. (3.2) and (3.3) are divided by P0G0 and the resulting
expressions are labeled as the reflection and transmission coefficients R(t) and
T (t) [87].

T (t) = k4 − 2d2k2
√

GN (t) cos θ cosφ+ d4GN (t), (3.4)

R(t) = d2k2
(

1 + 2
√

GN (t) cos θ cos φ+GN (t)
)

, (3.5)

where the normalized gain GN = G(t)/G0 has been introduced (in the absence
of pump pulse its value is 1). An inspection of Eqs. (3.4) and (3.5) indicates
that in the absence of a pump pulse, i.e. GN = 1 and there is no induced
phase shift φ, R = 1 and T = 0, provided that there is an ideal 50:50 coupler
and that the polarization offset angle θ is 0. For a finite value of θ, R < 1 and
T > 0. This reduces the contrast ratio of the interferometer.

The induced gain change GN (t) can be found by adding Eqs. (3.4) and
(3.5), while the induced phase shift can be found by subtracting Eq. (3.4)
from Eq. (3.5). The result is [83, 87]:

GN (t) =
R(t) + T (t) − k2(d2 + k2)

d2(d2 + k2)
, (3.6)

φ(t) = cos−1

[

R(t) − T (t) + (k2 − d2)(k2 − d2GN (t))

4d2k2 cos θ
√

GN (t)

]

, (3.7)
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Figure 3.6: Gain and phase dynamics measurement setup.

where cos θ = −1 + R0/(2d
2k2), with R0 the value of R in the absence of a

pump pulse.

Once the TOAD principle of operation has been introduced, Figure 3.6
presents the complete experimental setup to perform the gain and phase dy-
namics. The experimental setup used two mode-locked lasers driven by a
10.65 GHz RF synthesizer to deliver the ∼2.4 ps probe and pump pulses,
tuneable between 1520 nm and 1575 nm. The pulses were optically modu-
lated to reduce their repetition rate to 665 MHz, to ensure that the device
under test could recover fully between successive pulses. A small frequency
shift, ∆f , was applied to the probe RF drive, which resulted in a continu-
ously varying delay between the two optical pulse streams: the basis of the
pump-probe scheme.

Erbium-doped fiber amplifiers (EDFA) and variable optical attenuators
(VOA) were used to control the probe and pump pulses powers. The probe
power was in average 20 dB lower than that of the pump pulses, so that it did
not produce appreciable saturation to the QD-SOA.

The pump pulses were injected to the fiber-based TOAD through the 50:50
coupler placed just before the QD-SOA. The probe pulses were input to the
TOAD through the 50:50 base coupler. As mentioned before, these were di-
vided into two counter-propagating components which arrived at the QD-SOA
at different times since the QD-SOA was offset from the loop center. The off-
set was in the order of nanoseconds to allow for full recovery of the device
between pump pulses. Polarization controllers ensured that the three input
signals to the QD-SOA were aligned along the device principal axis. Typically,
this results in a maximum in the reflection coefficient and a minimum in the
transmission coefficient, and a small value of θ.



3.4 Dynamic characterization 39

A direct pump-probe observation of the induced gain change was enabled
using a further coupler in the loop to tap off probe signal to the photodiode
acting as the Amplitude Modulation Monitor (AMM). Time dependent re-
flection (R) and transmission (T ) coefficients were detected on the photodiodes
labeled accordingly. All pump pulse signals and ASE were removed by 4 nm
wide optical band pass filters placed before the low bandwidth (∼100 KHz)
photodetectors. To remove the ASE contribution to the signals measured by
the photodiodes, the DC offset present when the probe signal was discon-
nected, was subtracted. Optical isolators prevented feedback of output signals
to the loop.

The photodiode signals were sent to a computer via an AD card, and cal-
culations of Eqs. (3.6)-(3.7) were performed in a LabView program that also
allowed the visualization of the results in quasi real time. Direct comparison
of the gain calculated by Eq. (3.6) and that measured at the Amplitude Mod-
ulation Monitor, enabled accurate calibration of the photodiodes and gave
good confidence in the phase measurement accuracy. The time resolution was
limited by the pulsewidth (∼2.4 ps). Figure 3.7a plots typical results of the
reflection and transmission curves. Figure 3.7b displays the directly measured
gain dynamics and the gain and phase dynamics computed from Eqs. (3.6)-
(3.7). The amplifier bias current was 0.7 A. In the experiments, the pump
power was chosen so as to produce the same gain modulation as a function
of current; in this case, a pulse energy of 11 fJ was required to produce the
observed 30% modulation depth. The pump and probe wavelengths were
1540 nm and 1554.5 nm, respectively.

As it can be seen from Figure 3.7b, there is an excellent agreement of
the directly measured (in the AMM) and the calculated [using Eq. (3.6)]
gain dynamics curves. The excellent agreement between these curves gave
confidence in the validity of the phase calculation.

Furthermore, Figure 3.7b shows the observed delay between the maximum
gain suppression and the maximum phase shift. This delay, in the order of the
pulsewidth, has also been observed in bulk SOAs [83, 88, 89]. This might be
the result of the much reduced ultrafast phase component, in contrast to the
ultrafast process that initially dominates the gain response. The minimum of
the gain is therefore closer to the pump pulse peak while the phase response
peak is close to the end of the pulse [83].

The pump-probe measurements were taken for different bias currents rang-
ing from 0.5 A to 1 A in steps of 0.05 A. The pump average power was chosen
so as to produce the same gain suppression as a function of current. Taking
the unperturbed state as the reference, two modulation depths were measured:
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Figure 3.7: (a) Typical normalized R (solid) and T (dashed) coefficients
obtained from the pump-probe measurements. (b) Typical normalized gain
dynamics directly measured (red curve), and typical normalized gain and phase
dynamics calculated (black curves) from the R and T coefficients. The results
shown are for a 0.7 A bias current. The 1554.5 nm probe average power (pulse
energy) is -41.6 dBm (0.1 fJ) and the 1540 nm pump average power (pulse
energy) is -21.36 dBm (11 fJ).
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30% and 50%, which correspond to a gain suppression of 1.55 dB and of 3 dB,
respectively. The pump and probe wavelengths were fixed to 1540 nm and
1554.5 nm, respectively. Figure 3.8 shows how the gain and phase recover
as a function of bias current, when the pump pulse energy produces a 30%
modulation depth (see Figure 3.8a) and a 50% modulation depth (see Figure
3.8b). In the legends of Figure 3.8, the pump average powers (pulse energies)
required to produce the 30% and 50% modulation depth are indicated. The
gain dynamics exhibit a faster recovery as current increases. The gain recov-
ery is dominated by an ultrafast process. At high currents, for example at
0.9 A, the ultrafast component accounts for 94% of the gain recovery when
the modulation depth is 30% and for 88% when the modulation depth is 50%.
In contrast, the phase dynamics are dominated by the slowest process. In the
next chapter these results will be further analyzed using an impulse response
formalism.

Note that the use of pulsed pump and probe was specially advantageous
in this case because of the bandwidth of the pump and probe pulses, which
covered several gain ripple periods spectrally and therefore averaged over any
effects due to gain ripple position (see gain ripples in inset of Figure 3.4b). The
presence of the significant reflection from one of the facets also complicated
the data acquisition. The device had to be placed in the interferometer so
that the highly reflecting facet was placed at the input side (the side where
the pump pulses are incident). Doing this, it proved possible to account for
the power from the reflection and eliminate it from the calculations.

The gain recovery of the commercial QD-SOA was tested in a pump-probe
scheme using a CW probe. A mode-locked laser providing ∼2 ps pulses at
a 10 GHz repetition rate, acted as a pump. The QD-SOA was biased with
1 A. The 1550 nm probe and the 1560 nm pump were input to the QD-
SOA through a 50:50 coupler. The probe power was -5.5 dBm and the pump
average power (pulse energy) was -9.21 dBm (12 fJ), both measured at the
QD-SOA input fiber, i.e. no coupling losses considered. The probe and pump
polarization states were adjusted to the maximum of the gain. At the QD-SOA
output, the signal was further amplified and the pump and ASE were removed
using a 3.3 nm band pass filter. Finally the signal was monitored on an optical
sampling oscilloscope. Figure 3.9 shows the probe transmission when the pump
signal is both on and off. The curves in Figure 3.9 have been normalized to
the CW probe transmission when the pump signal is off. Due to the relative
high repetition rate pump pulses, the full QD-SOA recovery process can not
be observed (see inset of Figure 3.9). Yet, one can see that the gain recovery
is also dominated by an ultrafast process as in the noncommercial QD-SOA.
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Figure 3.8: Normalized gain and phase dynamics of the noncommercial QD-
SOA under bias currents from 0.5 A to 0.9 A in increments of 0.1 A. The
launched pump average powers (pulse energies) to produce the (a) 30 % mod-
ulation depth and the (b) 50 % modulation depth, are also indicated. The
probe average power (pulse energy) is fixed to -41.6 dBm (0.1 fJ). The pump
and probe wavelengths are 1540 nm and 1554.5 nm, respectively.
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Figure 3.9: Normalized probe transmission of the commercial QD-SOA with
and without pump signal. Inset: probe transmission with pump signal in a
longer timespan. The bias current is 1 A. The CW probe power is -5.5 dBm
and the pump average power (pulse energy) is -9.21 dBm (12 fJ). Probe and
central pump wavelengths are 1550 nm and 1560 nm, respectively.
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3.4.2 XGM and XPM effects in QD-SOAs

In the previous section, an experimental characterization of the QD-SOA re-
covery dynamics using a pump-probe scheme employing either a pulsed or a
CW probe signal located at a different wavelength, was presented. When a
CW probe signal is injected simultaneously with a strong data signal (pump)
into an SOA, experiences cross gain modulation (XGM) and cross phase modu-
lation (XPM) effects. This phenomenon has received much attention in recent
years due to its potential application in optical signal processing.

Applications achieved using the effect described above include all-optical
wavelength conversion [90–92], all-optical switching [93, 94], demultiplexing
[95] and optical logic gates [96]. These applications have exploited the man-
ifestation of XGM and XPM on the probe spectrum at the SOA output, by
filtering the proper frequency components. The function of the optical filter-
ing is to convert the induced phase modulation into amplitude modulation.
The combination of SOA plus filter hence results in a high speed-performance,
compact and simple configuration.

More recently, filter assisted wavelength conversion has also been realized
employing QD-SOAs [20, 97]. In [20] direct non-inverted wavelength conver-
sion was achieved in a QD-SOA by taking advantage of the strong blue-chirped
components of the output probe spectrum. Figure 3.10, taken from [20], shows
the output probe spectra, i.e. the inverted wavelength converted pulses spec-
tra, from both a QD-SOA and a bulk SOA. As can be seen, the bulk SOA
exhibits a more even distribution of the red and blue sides of the spectrum,
whereas in the QD-SOA spectrum, the components on the blue side of the
carrier are greatly enhanced with respect to those in the red side.

In order to investigate this effect in QD-SOAs, CW light was launched
simultaneously with a 40 GHz stream of ∼1.3 ps pump pulses, into the optical
amplifier. The polarization states of the input beams were aligned to the
principal axis of the SOA. The ouput power spectrum was monitored on an
OSA preceded by an optical isolator. In the experiments, only the bias current
was varied; the probe and central pump wavelengths were kept fixed and
so their average powers. This characterization was performed both in the
noncommercial and the commercial QD-SOA. For the noncommercial QD-
SOA, the 1543.75 nm CW on chip probe power was -7.5 dBm, and the on
chip average power (pulse energy) of the 1551 nm pump pulses was -5.19 dBm
(7.57 fJ). For the commercial QD-SOA, the 1560 nm CW probe power was
-4.7 dBm, and the pump average power (pulse energy) of the 1545 nm 40GHz
pump pulses was 2.2 dBm (41.5 fJ), both measured at the SOA input fiber.
The results are shown in Figures 3.11 and 3.12, for the noncommercial and for
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Figure 3.10: Spectra of wavelength converted pulses from a bulk SOA and
a QD-SOA. The QD-SOA spectrum exhibits more enhanced blue components
with respect to the red components, when compared to a bulk SOA. Image
taken from [20].

the commercial devices, respectively.
Regarding Figures 3.11 and 3.12 it should be noted that they were taken

with different resolutions in the OSA (0.06 nm and 0.01 nm, respectively),
hence the qualitative differences between the spectra in Figure 3.11 and Fig-
ure 3.12. Nonetheless, attention should be drawn to the fact that considering
the peaks corresponding to the first harmonics (i.e. the first peak at the blue
and red side of the carrier), the blue shifted peak is considerably larger than
the red shifted peak. The difference between these components is labeled as
∆B−R. It can be observed from Figures 3.11 and 3.12 that this effect occurs in
both amplifiers, and that the difference between the first harmonics (∆B−R)
increases with increasing current. For the noncommercial QD-SOA the pa-
rameter ∆B−R increases from 5.71 dB at 0.45 A, to 7.89 dB at 0.95 A (see
Figure 3.11); for the commercial QD-SOA ∆B−R increases from 4.56 dB at
0.8 A, to 9.47 dB at 1.8 A (see Figure 3.12). It should be stressed that the
enhanced blue components present in QD-SOAs have been advantageous in
system application experiments [20] and hence the importance of its under-
standing. In a forthcoming chapter, the induced nonlinear phase shifts and
carrier dynamics that lead to these spectra will be addressed theoretically.
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Figure 3.11: Measured probe power spectra at the noncommercial QD-
SOA output for varying currents: (a) 0.45 A, (b) 0.8 A and (c) 0.95 A. The
1543.75 nm CW on chip probe power is -7.5 dBm, and the on chip pump aver-
age power (pulse energy) of the 1551 nm-40 GHz-control pulses is −5.19 dBm
(7.57 fJ). The measurements were taken with a 0.06 nm resolution in the
OSA, hence the qualitative difference with respect to the spectra of Figure
3.12, whose resolution is 0.01 nm.
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Figure 3.12: Measured probe power spectra at the commercial QD-SOA
output for varying currents: (a) 0.8 A, (b) 1.2 A and (c) 1.8 A. The 1560 nm
CW probe power is -4.7 dBm, and the pump average power (pulse energy) of
the 1545 nm-40 GHz-control pulses is 2.2 dBm (41.5 fJ), both measured at the
SOA input fiber. The measurements were taken with a 0.01 nm resolution in
the OSA, hence the qualitative difference with respect to the spectra of Figure
3.11, whose resolution is 0.06 nm.
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3.5 Discussion

In this chapter a comprehensive experimental characterization of QD-SOAs
based on an InAs/InGaAsP/InP material system was presented. The QD-
SOAs operate in the 1.55 µm telecom region. The characterizations of the two
QD-SOAs from different origins, one being fabricated at COBRA Research
School and the other being a commercial device from QD Laser Inc., showed
similar behaviors, suggesting that these can be generalized for these types of
devices.

The ASE spectra and gain saturation characteristics were addressed in the
static characterization. The ASE spectra of this type of QD-SOAs exhibit one
wide peak unlike those with InAs quantum dots grown on GaAs substrates,
where the GS and ES contributions can be distinguished. The QD-SOAs
studied here were highly polarization dependent (TE polarized) as a result of
the widely stacked QDs which preserve the flat shape of the QDs formed by the
self-assembling method. To realize polarization insensitive devices, QDs can
be closely stacked to realize quasi-isotropically shaped QDs (columnar QDs)
due to vertical electronic coupling [14, 19]. Hence, in these devices, careful
adjustment of the polarization of the incident beams was always necessary.
Taking this into account, a large saturation output power, up to 14.71 dBm
(at 2 A) was observed for the commercial QD-SOA.

The gain and phase dynamics of the noncommercial QD-SOA were char-
acterized using a pump-probe technique using pulsed pump and probe located
at different wavelengths. The established time-resolved spectroscopy test bed
available at TNI was used to perform the measurements. The setup is based
on the widely known TOAD interferometer. The characterizations were per-
formed for varying current and pump pulse average power. The gain dynamics
were dominated by an ultrafast process while the phase showed a much slower
recovery. These results are in line with previous studies on both InAs/GaAs
QD-SOAs and InAs/InP QD-SOAs [27, 76, 77, 79–82], suggesting that this is
the characteristic behavior of QD based amplifiers. It was also observed that
the dynamics become faster with increasing current.

The XGM and XPM effects experienced by a CW probe copropagating
with a high frequency pulse stream in the QD-SOA were also investigated.
The blue chirped components from the output probe power spectrum were
notably enhanced compared to the red components. This effect, which be-
comes stronger as current increases, has already been used for the realization
of optical signal processing applications. The nonlinear phase shifts and carrier
dynamics that lead to these effect will be studied in a forthcoming chapter.



Chapter 4

Gain and phase dynamics of

QD-SOAs

In this chapter the gain and phase dynamics experimental results are ana-
lyzed by means of an impulse response formalism. The method to extract the
timescales and strengths of each of the recovery processes is described. The
behavior of the extracted parameters is investigated as a function of current
and pump pulse energy. It is shown that the gain dynamics is dominated by an
ultrafast process while the phase shows a slow dominated recovery. Gain and
phase dynamics are coupled by a time-dependent α-factor which was found to
evolve to a constant value. Parts of this chapter are based on 1.

4.1 Introduction

The previous chapter presented a pump-probe technique, based upon the
TOAD interferometer, to measure the gain and phase dynamics of a QD-
SOA operating in the 1.55 µm wavelength region. Pulsed pump and probe
pulses were employed to allow the measurement of the unperturbed recovery
dynamics, since the SOA is unsaturated between pump pulses. This chapter
is dedicated to the analysis of the gain and phase dynamics measurements as
a function of current and pump pulse energy.

To investigate the contributions of the recovery processes involved in the
gain and phase dynamics, the next section presents a simple model to de-
scribe the observed behavior. The model is based upon an impulse response

1K. Solis-Trapala, Y. An, R. Nötzel, H.J.S. Dorren, and R.J. Manning, “Gain and
phase dynamics of an InAs/InGaAsP/InP quantum-dot semiconductor optical amplifier at
1.55 µm,” Proc. OSA Nonlinear Photonics Conference, Karlsruhe, Germany, 2010.
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formalism from which important parameters, such as the timescales, can be
extracted. Also the relation between the gain and phase dynamics, namely
the α-factor, is incorporated into the model. Next, using the model, the gain
and phase dynamics results will be analyzed in separate sections.

4.2 Impulse response model

Impulse response formalisms have been used to describe to a good degree of
accuracy the SOA recovery after excitation of an optical pulse [81, 83, 98]. In
this technique, each stage of the SOA recovery is modeled by an exponential
function, with an associated strength and characteristic timescale. It was
found that the modal gain of the amplifier (gimpulse) can by modeled by an
impulse response of the form:

gimpulse(t) = g1e
−t/τ1 + g2e

−t/τ2 + g3e
−t/τ3 , (4.1)

which is raised to the exponential to obtain the impulse response of the power
gain of the amplifier (Gimpulse):

Gimpulse(t) = exp(g1e
−t/τ1 + g2e

−t/τ2 + g3e
−t/τ3). (4.2)

The parameters g1, g2 and g3 represent the strengths or modulation coeffi-
cients of three recovery processes with characteristic timescales τ1, τ2 and τ3,
respectively. To describe the phase impulse response it is first convenient to
derive its relation to the gain.

The electric field of an optical signal after propagating through an SOA,
can be expressed as [86]:

Eout = Ein exp

(

−i2πnL
λ

)

, (4.3)

where Ein is the input electric field of the optical signal of wavelength λ, L
is the amplifier length and n = n′ − in′′ is the complex refractive index. The
real part of the complex refractive index is associated to the phase while the
imaginary part describes gain or attenuation [86]:

φ =
2πn′L

λ
, (4.4)

√
G = exp

(

−2πn′′L

λ

)

. (4.5)
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Then, considering Eqs. (4.3)-(4.5), the ratio of output to input fields is [86]:

Eout

Ein
=

√
G exp (−iφ) , (4.6)

with G the power gain of the amplifier (the ratio between the output and
input signal powers). The real and imaginary parts of the complex refractive
index are functions of the carrier density and in an SOA, they are linked by
the linewidth enhancement factor or α-factor [99]:

dn′

dN
= α

dn′′

dN
. (4.7)

Then, if there are two states of saturation of the amplifier, each described by
Eq. (4.6), it follows from Eqs. (4.4)-(4.5) and Eq. (4.7), that they are coupled
by [86]:

φ1 − φ2 = −α
2

ln

(

G1

G2

)

. (4.8)

In Eq. (4.8), the induced phase shift is φ1 − φ2 and the gain change is the
ratio G1/G2. Therefore, Eq. (4.8) can be written in terms of the phase shift
(φ(t)) and gain change (G(t)) as:

φ(t) = −α
2

ln (G(t)) . (4.9)

Using the physical relation (4.9), it follows that the phase should be de-
scribed by using the same processes contributing to the gain weighted by an
α-factor. Hence, the impulse response of the phase is:

2πφimpulse(t) = α1g1e
−t/τ1 + α2g2e

−t/τ2 + α3g3e
−t/τ3 + de−t/τ4 , (4.10)

where the parameters α1, α2, and α3 represent the α-factors associated to
each of the recovery processes, and the phase is measured in units of π. The
last term in Eq. (4.10) accounts for the delay observed between the maximum
gain suppression and the maximum phase shift. Note that two photon absorp-
tion (TPA) contribution has been omitted from the model because of the low
pulse intensities and the ∼2.4 ps pulsewidths used in the experiments. When
narrower pulsewidths (∼150 fs) are used, TPA should be included [98].

To determine the SOA response, a numerical convolution of Eqs. (4.2)
and (4.10) with the pump pulse (measured width ∼2.4 ps) was performed.
Expressions for R and T [i.e. Eqs. (3.4) and (3.5)] using these convolved
values were then further convolved with the probe pulse. Then, using Eqs.
(3.6) and (3.7) gain and phase results were derived and compared directly with
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the experimental measurements. A fitting routine [87] was used to obtain the
values of the gain coefficients g1, g2, g3, and timescales τ1, τ2, τ3 that provide
the best fit to the experimental gain. These values were kept fixed and then,
the alpha-factors (α1, α2, α3), and the parameters d and τ4 were optimized
to attain the best fit to the experimental phase. Note that three lifetimes,
and separate α-factors for each stage of the recovery were needed to achieve
a satisfactory fit to the observed QD-SOA response; unlike bulk amplifiers
which are typically described by two recovery stages [83, 98].

Figure 4.1 shows an example of the fitting achieved. The fitting corre-
sponds to the experimental data in Figure 3.7b, in Section 3.4.1. In the upper
part of Figure 4.1 the experimental gain and phase dynamics are plotted,
along with the SOA response to the pump-probe propagation, obtained by
the impulse response model. As can be seen from the figure, the impulse re-
sponse model describes well the SOA experimental behavior. The parameter
values were g1 = 1.45, g2 = 0.043, g3 = 0.038, τ1 = 0.97 ps, τ2 = 25.62 ps, τ3 =
255.24 ps, α1 = 1.47, α2 = 7.84, α3 = 29, d = 10.56, τ4 = 0.15 ps. These values
are associated to the unconvolved impulse response of the amplifier. This is
the reason for the timescales being shorter than the QD-SOA measured re-
covery, and for being able to resolve features on a slightly smaller timescale
(i.e. τ1 = 0.97 ps) than the resolution of ∼2.4 ps imposed by the measure-
ment system. Therefore, to clarify, the recorded experimental data consists
of the QD-SOA response convolved with the relevant pulsewidths (measured
∼2.4 ps); if such pulsewidths are known with accuracy, then the QD-SOA
response can be recovered.

It should be noted that different values for the α-factors were needed to
achieve a satisfactory fit to the experimentally observed phase response. In
the lower part of Figure 4.1, the α-factor is computed using Eq. (4.9), i.e.:

α = − 2φ(t)

ln (G(t))
. (4.11)

The α-factor was computed from the gain and phase changes obtained ex-
perimentally and from those obtained by the impulse response. From these
curves it is observed that the α-factor is not a constant over time. Effectively,
different values for the α-factor were needed to achieve a satisfactory fit to
the phase. However, the α-factor evolves to a constant value, indicating sim-
ilar long-time evolutions of gain and phase. The fact that different values of
α-factors were needed to achieve a satisfactory fit to the phase, may indicate
that each of the recovery processes has its own α-factor.

The small substructure appearing in the experimental traces of Figure
4.1 at ∼45 ps is due to the residual reflections from the QD-SOA facet. The
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Figure 4.1: Typical results of the fitting achieved (gray curves) using the
impulse response formalism. The results shown are for a 0.7 A bias current.
The probe average power (pulse energy) is -41.6 dBm (0.1 fJ) and the pump
average power (pulse energy) is -21.36 dBm (11 fJ).

overall response of the QD-SOA was not excessively affected by this effect. The
behavior of the fitting parameters with current and power, will be explained
in the following two sections.

4.3 Gain dynamics

In agreement with previous studies of the carrier dynamics of InAs/GaAs
quantum dot amplifiers [27, 80], three lifetimes were needed to achieve a sat-
isfactory gain fit. The fitting procedure described in the previous section
revealed that these are an ultrafast timescale: τ1 (∼1 ps), an intermediate
timescale: τ2 (10s ps), and a slow timescale: τ3 (100s ps). The strengths of
these three processes are g1, g2 and g3, respectively. Figure 4.2 show the three
lifetimes and corresponding modulation coefficients as a function of bias cur-
rent and power, i.e. for the two modulation depths measured: 30% and 50%.

After the QD-SOA gain has been reduced because of stimulated emission,
the gain recovery process starts with an ultrafast timescale: τ1 (∼1 ps). The
dependence of this timescale on current and pump power can be seen in Figure
4.2a (top graph). It is observed that the timescale is not power dependent, and
that its value remains constant up to high currents, where it suffers a small
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Figure 4.2: (a) τ1-τ3 and (b) g1-g3 fitting parameters as a function of cur-
rent and pump pulse energy. Circles: 30% modulation depth, squares: 50%
modulation depth. Dashed lines are a guide to the eye.

increment of no more than 10%. In previous studies on InAs/GaAs, a similar
timescale has been found which has been suggested to be related to intradot
scattering [15, 27, 76, 80]. It was observed that the strength of this process,
represented by parameter g1, is current independent but increases with pump
power [see Figure 4.2b, top graph]. It is noteworthy that the strength of this
ultrafast timescale dominates the gain recovery process, i.e., accounts for the
large proportion of the gain recovery.

Next, the physical picture tells us that the dots are replenished by carriers
captured from the wetting layer. This recovery is given by an intermediate
timescale τ2 of 10s ps, which becomes faster with increasing current [see Figure
4.2a, middle graph]. The strength of this effect, represented by the parameter
g2, is current independent and also rises with pump power [see Figure 4.2b,
middle graph].

The final stage in the gain recovery process is given by the refilling of the
wetting layer by carrier injection. This mechanism is characterized by the
slowest timescale τ3 of ∼100s ps. The wetting layer recovery becomes faster
with increasing current [see Figure 4.2a, bottom graph]. The strength of this
slow process is represented by the parameter g3, which reduces as the current
increases [see Figure 4.2b, bottom graph]. An increment in the pump power
leads to an increase of the parameter g3. The dependence of this parameter as



4.3 Gain dynamics 55

a function of current on a log-log scale, revealed that the decay as a function of
current is independent of the modulation depth. The fact that the parameter
reduces with increasing current exposes the faster overall gain recovery at
higher currents. In this case, most of the recovery is given by the ultrafast
and fast processes while the slow process has a negligible contribution.

To gain insight on the type of recombination processes that dominate the
recovery, the current dependent recovery times were plotted on log-log scales.
The results are drawn in Figure 4.3 along with linear fits to the data. The
slopes of the linear fits can be used to determine the dependence of the recovery
times on bias current as follows. Consider the conventional rate equation
model to describe the SOA gain dynamics [3]:

dN(t)

dt
=

I

qV
−R(N), (4.12)

where I is the bias current, q the electron charge, V the active volume and
R(N) represents all the recombination processes [3]:

R(N) = AnrN +BN2 + CN3. (4.13)

In Eq. (4.13) the first term includes non radiative process due to trapping
states in the SOA material; the second term, spontaneous radiative recombi-
nation and the third term, describes non radiative process related to Auger re-
combination. In the latter case, the energy released by a recombining electron-
hole pair is used to promote another carrier to a higher energy state.

If one considers that Auger recombination dominates the recovery and for
a moderate state of gain compression [100]:

R(N) ≃ CN3
0 , (4.14)

where N0 is the steady state carrier density whose value is obtained by setting
the time derivative to zero in Eq. (4.12) and substituting Eq. (4.14) into Eq.
(4.12) [100]. The result is:

N0 = (I/CqV )1/3. (4.15)

The recovery time for recover to N0 is [100]

τ =
dN

dR(N)
. (4.16)

Then from Eqs. (4.14) and (4.16) it follows that:

dN

dR(N)
=

1

3CN2
0

. (4.17)
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Figure 4.3: Logarithmic plot of τ2 and τ3 fitting parameters as a function of
current. Solid lines are linear fits to the data. Circles: 30% modulation depth,
squares: 50% modulation depth.

Substitution of Eqs. (4.17) and (4.15) into Eq. (4.16) results in [100]:

τ =
1

3

(

qV√
C

)2/3

I−2/3. (4.18)

Thus the slopes values of the linear fits of data plotted in Figure 4.3 reveal
Auger dominated recovery for both the intermediate and slow timescales of the
gain recovery, which correspond to the capture of carriers from the WL into
the dots, and the WL recovery, respectively. These results agree with those of
InAs/GaAs QD-SOAs [80], where experimental data along with rate equation
modeling showed that Auger processes dominate the capture of carriers into
the dot. Figure 4.3, also shows that the timescales are power independent.

4.4 Phase dynamics

It is well known that both the refractive index of an SOA active region and the
material gain depend on the carrier density via the Kramers-Kronig relation
[4]. As a consequence, the phase and gain of an optical field traversing the SOA
are coupled with a strength characterized by the linewidth enhancement factor
or α-factor [Eq. (4.9)]. Typically this factor is taken as constant [99], and such
an approximation works well for sufficiently small carrier density modulations
in the amplifier. However, it has been found experimentally that gain and
phase dynamics do not follow similar evolutions, but vary over time [79, 83, 89],
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Figure 4.4: Close-up of gain and phase dynamics results shown in Figure
4.1; ∆t is the delay between the maximum gain suppression and the maximum
phase shift.

which requires the introduction of a time dependent α-factor. In this work,
as shown previously, it was also found necessary to describe each stage of the
phase response by a separate α-factor. In this section the results of the impulse
response formalism applied to the phase dynamics will be shown.

Once the timescales τ1, τ2, τ3 and corresponding modulation coefficients
g1, g2, g3 were found using the fitting routine described in Section 4.2, they
were kept fixed for the phase dynamics modeling. In here, the parameters
α1, α2, α3, d and τ4 are the free parameters whose values should provide the
best fit to the experimental phase.

As it was mentioned before, the fourth term in Eq. (4.10) accounts for
the delay observed between the maximum gain suppression and the maxi-
mum phase shift. Figure 4.4 shows such a delay, which is in the order of the
pulsewidth, in a close-up of the gain and phase dynamics presented in Figure
4.1. It was found that this effect has a characteristic timescale, τ4, of ∼0.15 ps,
i.e. it is effectively a delta function response that showed to be current and
power independent. Its strength, represented by the parameter d, increased
with pump power. Such delay has been observed previously in bulk ampli-
fiers [83, 88, 89] and has been attributed to the instantaneous Kerr effect in
semiconductors [88].

According to Eq. (4.10) and from the results presented in last section, the
parameters α1, α2 and α3 represent the α-factors associated to the ultrafast,
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the fast and the slow recovery processes, respectively. Figure 4.5 plots the
results obtained for the α1, α2 and α3 fitting parameters as a function of
current and power. Figure 4.5 shows that contrary to the gain dynamics, the
α-factor dominating the phase dynamics is that associated with the slowest
process, i.e., α3, and increases with increasing current. The parameters α1

and α2 are however, current independent and have an average value of 1.4 and
5.6, respectively. The three α-parameters showed a weak dependence on pump
power. Referring back to Figures 4.1 and 3.8 it was observed that gradually,
the α-factor evolves to a constant value indicating similar long-time evolutions
of gain and phase.

The magnitudes of the three α-factors, give a notion of the refractive index
change induced by the associated recovery processes. The relatively large value
of α3 compared to α1 and α2 suggests that the WL recovery process induces
the greatest refractive index change among the three processes involved in the
recovery. The refilling of the WL involves a change in the carrier density, and
since the α-factor is a function of it, an increase of its value with increasing
current is also expected. It is possible that both interband and intraband (free
carrier absorption) physical processes contribute to the refractive index change
induced by the WL recovery [101, 102]. On the other hand, the parameter α1

has been associated to intradot scattering process [15, 27, 76, 80], in which
case the carriers are only redistributed. The case of parameter α2 is probably
similar to that of α1 as it involves a redistribution of carriers from wetting layer
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to the dots and viceversa, via escape processes. Accordingly, the refractive
index change induced by these processes would be expected to be smaller
with respect to that associated to α3. The nature of the involved processes
(either carrier density change or redistribution of carriers) might be the reason
for the different values for the associated α-factors [83]. Additional work
is required before a complete understanding can be reached on the physical
mechanisms contributing to the refractive index change induced by each of
the recovery processes of QD-SOAs. It is hoped that this work will stimulate
further research on the α-factor of QD-SOAs.

4.5 Discussion

The InAs/InGaAsP/InP QD-SOA recovery after excitation of an optical pulse
has been investigated by means of an impulse response formalism, in which
each stage of the recovery is characterized by a strength and a timescale. Three
lifetimes were needed to achieve a satisfactory gain fit. This is in agreement
with previous studies of the carrier dynamics of InAs/GaAs quantum dot
amplifiers [27, 80]. It has been shown that the gain recovery is dominated by
an ultrafast recovery process which possesses a low α-factor of ∼1.4. These
results give a strong indication that the studied device is genuinely dot-like in
character. The other two recovery processes are a fast timescale, τ2 of ∼10s ps
and a slow timescale, τ3 of ∼100s ps; these were identified as the capture
of carriers into the dot and the wetting layer recovery, respectively. Their
dynamics were found to become faster with increasing current and to have an
Auger dominated recovery.

Independent α-factors for each of the recovery processes were needed in
order to describe satisfactorily the observed phase response. The recovery
processes to which they are linked are different in nature and lead to different
values of the α-parameters and different behaviors as a function of current. It
was speculated that the α-factor related to the wetting layer recovery (α3) in-
duces the greatest refractive index change among the three processes involved
in the recovery. However, further research is required in this respect. It was
also found that the mechanism associated to α3 dominates the phase recov-
ery, while there is little contribution from the ultrafast and fast components.
It was also observed that gradually, the α-factor evolves to a constant value
indicating similar long-time evolutions of gain and phase, i.e. at this point,
both are limited by the recovery of the wetting layer population.





Chapter 5

Modeling of QD-SOA basic

characteristics

This chapter presents a simple two-level rate equation model of quantum-dot
semiconductor optical amplifiers. The model is based on parameters extracted
experimentally and is used to gain insight into some of the basic characteristics
of QD-SOAs: large saturation output power, fast gain dynamics and enhanced
blue chirp. The simplicity of the model allows for analytical solutions in some
regimes of operation. In general the simple model is able to describe to a
good degree of accuracy the static and dynamic characteristics of QD-SOAs,
providing a fairly accessible tool for simulation of these devices. Parts of this
chapter are based on publication1.

5.1 Introduction

The last two chapters have shown by means of experimental characterization,
several of the key characteristics of QD-SOAs that set them apart from their
counterparts, bulk and quantum well SOAs. It was shown that QD-SOAs
possess a large saturation output power, and that their gain dynamics are
dominated by an ultrafast timescale while they have a slowly dominated phase
response. Moreover it was shown that the spectrum of wavelength converted

1K. Solis-Trapala, and H.J.S. Dorren, “Static gain saturation characteristics of quantum-
dot semiconductor optical amplifiers,” Proc. European Semiconductor Laser Workshop, Lau-
sanne, Switzerland, 2011.

K. Solis-Trapala, and H.J.S. Dorren, “Simple model for the saturation characteristics of
QD-SOAs in the CW regime of amplification”, To be submitted.

K. Solis-Trapala, and H.J.S. Dorren, “Recovery dynamics and blue chirp enhancement in
quantum-dot semiconductor optical amplifiers”, To be submitted.
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pulses from a QD-SOA showed a highly uneven spectral distribution of blue
and red chirped components compared with a bulk SOA, favoring the blue
components. All this behavior was repetitive in InP based QD-SOAs from
different origins.

In this chapter it is aimed by means of modeling, both numerical and
in some cases analytical, to explain and gain understanding on the aforemen-
tioned characteristics. Much work has been done to develop models to describe
the QD-SOAs behavior. These are of different levels of complexity: from more
fundamental approaches to phenomenological approaches. One of the most
useful approaches of the phenomenological type, to model carrier dynamics,
is the rate equation model. This type of model has already been used suc-
cessfully in the study of bulk and quantum well amplifiers and therefore it
became natural to extend this knowledge to the new types of devices based
on quantum dots active media.

A number of rate equation models, with different degrees of detail have
been developed for QD-SOAs [16, 21–27]. Most of the developed models are
applicable to the QD devices grown in the Stranski-Krastanov mode. In this
growth mode the quantum dots are formed on an extremely thin layer called
the wetting layer, which is modeled as a thin quantum well that acts as a
carrier reservoir for the QD states [9]. To model the quantum dot states, ap-
proximations are made for treating the QD ensemble instead of accounting for
each individual dot. It is commonly considered that the conduction band con-
tains a non-degenerate ground state and a two fold degenerate excited state,
both spin degenerate [24, 25]. In some models the injection of electrons and
holes is treated separately [26, 27] and in the simplest approximation electrons
and holes are treated as excitons [16, 21–25]. To account for the dot size dis-
tribution, i.e. for the inhomogeneous broadening of the gain spectra, the dots
are often grouped by their resonant energy [9, 16, 21, 22]. The dots are cou-
pled through the homogeneous broadening, connecting dots spatially isolated
and energetically different [9, 16, 21, 22]. Other approximations use an average
dot size [23–25]. In the next section the model employed in this work will be
detailed together with the approximations used.

The aim is for a model as simple as possible that still retains the QD
basic characteristics and is able to describe the experimental behavior. The
purpose with such a simple model is to gain insight into the QD-SOA operation
and to provide a fairly accessible tool for simulating these types of devices.
Due to the relative simplicity of the model, in some regimes even analytical
approximations for the solutions can be provided. A key characteristic of the
model that makes it a useful tool, is that it is based on quantities that can
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be experimentally obtained. The large amount of experimental data collected
from the characterization experiments allowed the validation of the model.

5.2 Model

In this section the model to describe the carrier dynamics of the QD-SOA
is presented. First the field propagation will be addressed and then the rate
equations that govern the carrier dynamics of the QD-SOA. The model is the
simplest of its kind but still preserves the fundamental QD properties. It is
of interest to investigate how well the QD-SOA experimental results can be
described with such a simple model, and in a way, determine how simple the
models of this kind need to be done. The simpler the model, the better; this
limits the uncertainties to a reduced number of quantities and hence avoids the
inclusion of a number of unmeasurable parameters that have to be adjusted
to fit an experimental behavior. It is desired to avoid models of this type
and provide those which are based on experimentally measured quantities,
and therefore constitute an accessible and reliable tool for use. In addition,
an advantage of a simple model is that facilitates the understanding, in this
case, of the QD-SOA basic characteristics, being able to provide in some cases
analytical approximations for the solutions at some regimes of operation.

5.2.1 Field propagation

To define the electric field inside an ideal traveling-wave amplifier, it is as-
sumed that its active region dimensions supports a single waveguide mode,
and that the input light is linearly polarized, remaining linearly polarized
while propagating [103]. Hence, the electric field can be defined as:

E(z, t) = A(z, t)ei(k0z−ω0t) + c.c., (5.1)

where k0 is the wavevector at the central frequency ω0, and c is the light
velocity in vaccum. The complex pulse amplitude A(z, t) is slowly varying
function of z and t. The propagation equation for the traveling wave in the
semiconductor optical amplifier is

(

∂

∂z
+

1

vg

∂

∂t

)

A(z, t) =

[

1

2
Γ(1 + iα)g(z, t) − 1

2
αint

]

A(z, t), (5.2)

where vg is the group velocity, α is the linewidth enhancement factor, Γ is the
confinement factor, αint is the internal loss, and g(z, t) is the material gain,
which will be defined later. The first term in the right-hand side describes
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the amplification of the electric field and the associated phase modulation as
a result of the refractive index change with gain evolution. The second term
describes the loss experienced by the electric field during propagation through
the amplifier. Eq. (5.2) represents the propagation of a TE polarized input
light, only for which the QD-SOAs under study have an optical gain. In Eq.
(5.2), dispersion effects and amplified spontaneous emission have not been
taken into account. Other physical phenomena such as two-photon absorption
were not included since they are expected to play a role for sub-picosecond
pulse propagation [23, 104, 105]. In this work, propagation of pulses of a min-
imum of 2.4 ps pulsewidth is considered.

Using a moving coordinate frame (τ = t − z/vg), Eq. (5.2) can be refor-
mulated in terms of the photon density S, and the phase φ. Substitution of
A(z, τ) =

√

S(z, τ)eiφ, into Eq. (5.2) yields

∂S(z, τ)

∂z
= (Γg(z, τ) − αint)S(z, τ), (5.3)

∂φ(z, τ)

∂z
= −1

2
αΓg(z, τ). (5.4)

The photon density is linked to the optical power by [4]

P = ~ωvgσS, (5.5)

with ~ω the photon energy and σ the effective optical cross-section of the
amplifier waveguide of a width w and a thickness H:

σ =
wH

Γ
. (5.6)

In the QD-SOA the thickness H is given by HDLD, with HD the average
quantum dot height and LD the number of quantum dot layers.

For the material gain, a simple model has been used, assuming a linear
dependence with the carrier density. The model will be detailed in the next
section.

5.2.2 Carrier dynamics: two-level rate equation model

The rate equations that govern the carrier dynamics of the QD-SOA will be
presented in this section. The focus is on InAs/InP quantum dots grown
by the Stranski-Krastanov mode. In this growth mode, the QDs are formed
on an extremely thin film, the so called wetting layer. It is assumed that
the dots are interconnected by the WL. Current is assumed to be injected
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directly into the WL, and once there, carriers can be captured into the dots.
The inhomogeneous broadening of the QD ensamble is neglected, i.e. it is
assumed that all dots have the same dimensions. To simplify the formulation,
rate equations of the carrier density are considered, instead of treating the
injection of electrons and holes separately, i.e. QD are assumed neutral and
electrons and holes are treated as excitons [9]. Furthermore, it is assumed
that only carriers inside the dots interact with the optical field. Hence, two
carrier populations are considered, one for the QD ensamble (ND) and one for
the WL (NWL); no intradot relaxation is included. It should be recalled from
Chapter 3 that the ASE spectra for InP based QD-SOAs is rather smooth
and does not show any distinct peaks. For the operating conditions under
consideration the contribution to the gain is mainly believed to come from the
excited states [13], therefore, the QD population is associated to the excited
state population. Figure 5.1 shows an schematic representation of the carrier
dynamics model.

Figure 5.1: Schematic representation of the carrier dynamics model.

The parameter I represents the injected current that is filling the WL
reservoir. Some carriers in the WL are captured into the dot with a capture
time τcap, and others recombine spontaneously with a spontaneous emission
time τsp. Once carriers are in the QD states they can be thermally reemitted to
the WL, recombine spontaneously or can relax by stimulated emission. Note
that it is assumed that the spontaneous recombination time, τsp, is identical
for both levels [24]. The reverse processes of carrier capture and escape can
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be related by assuming that the system reaches a quasi-Fermi equilibrium in
the absence of external excitation [16, 24, 26, 106, 107]. Although this is not
strictly the case because of the continuous current injection, this assumption
is generally used in quantum dot devices modeling [16, 24, 26, 106, 107]; the
error introduced by its usage is expected to be small. Hence, the escape time
is related to the carrier capture time as [26]:

τesc = τcap exp

(

∆EWL
D

kBT

)

, (5.7)

where ∆EWL
D is the quantum dot states energy separation from the wetting

layer band edge, kB is the Boltzmann constant and T the temperature.

The carrier dynamics are modeled in the fashion of [23]; the rate equation
model (REM) reads:

∂NWL

∂τ
=

J

qd
− NWL

τcap

VD

VWL
(1− fD) +

ND

τesc

VD

VWL

DWL

DD
(1− fWL)− NWL

τsp
, (5.8)

∂ND

∂τ
=
NWL

τcap
(1 − fD) − ND

τesc

DWL

DD
(1 − fWL) − ND

τsp
− vggS. (5.9)

For simplicity, the spatial and temporal dependencies of the carrier densities
(ND and NWL), photon density (S) and material gain (g) have been omitted
in the notation. In Eqs. (5.8)-(5.9), J is the electrical current density, q
the electronic charge, d the total thickness of the wetting layer given by d =
LDHWL with LD que number of quantum dot layers and HWL the QD wetting
layer thickness. The parameter VD represents the volume of the quantum
dots. Cylindrical shaped quantum dots of an average radius R and an average
height HD are considered. Hence the volume of a single dot is V0 = πR2HD

and the volume of the quantum dots is VD = LDDAwLV0; with DA the dot
areal density, w the width of the ridge waveguide and L the device length.
The parameter VWL denotes the volume of the wetting layer given by VWL =
LDwLHWL.

The volume density of carriers in the wetting layer and quantum dots,
i.e., NWL and ND, are normalized with respect to the corresponding volume
of the wetting layer and dots. The occupation probabilities of the dots and
wetting layer are denoted by fD and fWL, respectively. The QD occupation
probability is defined as [23]:

fD =
ND

ρDDD
, (5.10)
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where ρD is the dot degeneracy and DD, the volume density of quantum dots
is given by:

DD =
LDDA

HD
. (5.11)

For the wetting layer, the assumption that it consists of one energy state with
DOS of DWL, corresponding to the effective DOS at the WL band edge is
adopted [16, 22, 23], and is defined as:

DWL =
LDρ2DkBT

HWL
. (5.12)

Except for ρ2D, the effective density of states in the WL per area and per
energy, all symbols have been introduced previously. The WL occupation
probability is therefore defined as [16, 22, 23]

fWL =
NWL

2DWL
. (5.13)

The last term in Eq. (5.9) describes stimulated emission, with S the photon
density, defined in previous section, and g the material gain which has been
approximated to vary linearly with carrier density as follows [23, 24]

g(ND) = a(2ND − ρDDD), (5.14)

where a is the differential gain.
This completes the description of the model that is going to be used to

investigate the basic characteristics of the QD-SOA. Next section will address
its numerical implementation.

5.2.3 Numerical implementation

To describe the propagation of an optical field through the quantum-dot am-
plifier under electrical pumping, the solution of Eqs. (5.3)-(5.4) and (5.8)-(5.9)
is required. These equations were numerically solved and the approach will
be described in this section.

The amplifier, of length L, was divided into many small sections of length
∆z to account for the longitudinal dependence of some of the variables (carrier
densities and optical field). This is illustrated by Figure 5.2. In each section,
the quantities are assumed to be constant along the longitudinal axis of the
amplifier. The Euler method is used to solve the ordinary differential equa-
tions. The accuracy of the method is controlled by increasing the number of
sections in which the amplifier is divided. In the simulations the 5.22 mm long
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Figure 5.2: Schematic representation of the amplifier divided into longitudi-
nal sections.

amplifier was divided into 5 µm long sections. The Euler rule for each of the
carrier densities has the form

N(z, t+ ∆t) = N(z, t) +
dN(z, t)

dt
∆t, (5.15)

where ∆t is linked to the section length by ∆z = vg∆t and N denotes either
the QD or WL carrier population. For the field propagation equations, i.e. for
the photon density and phase, it has the form

A(z + ∆z, t+ ∆t) = A(z, t) +
dA(z, t)

dz
∆z, (5.16)

where A denotes either the photon density S or the associated phase φ.

5.2.4 Model parameters

The simulations were carried out for a range of input powers and varying bias
currents. Hence, it is convenient to divide the model parameters into two
categories: in the first category are those parameters that remain constant
irrespective of the injection current, and in the second, those which are depen-
dent on the bias current. This means that, except for the differential gain, a,
and the timescales τsp, τcap, τesc, the latter linked to the quantum dot states
energy separation from the wetting layer band edge (∆EWL

D ), the remaining
parameters are all independent of current.

Most of the QD-SOA parameters that are current independent were readily
available because of the fact that the noncommercial QD-SOA was fabricated
at COBRA Research School2. For the dot areal density (DA), the quantum
dot dimensions (R and HD) and wetting layer thickness (HWL), accurate
values are difficult to be determined, but a range of values in which they were

2H. Wang, R. Nötzel, and J.H.C. van Zantvoort are acknowledged for providing device
parameters.
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estimated to fall were available3 (see e.g. [13]). Therefore, the values of these
parameters were chosen within this range, and such that they give the best
fit to the experimental measurements of gain saturation characteristics and
gain dynamics at a certain current, in this case arbitrarily chosen as 0.6 A.
As mentioned earlier, the quantum dot size distribution was not considered,
but instead an average dot dimension was used. The quantum dot degeneracy
was chosen to be 4, due to spin. The reason is that, as recalled from previous
section, it is considered that the main contribution to the gain is given by
the excited states, to which a degeneracy of 4, due to spin is associated. The
confinement factor was obtained from literature as 0.06 [21] and the waveguide
internal losses were estimated to be 1200 m−1. All the parameters remaining
constant with current injection, and their values are summarized in Table 5.1.

Table 5.1: Model parameters.

Parameter Symbol Value

Length L 5.22 mm

Width w 3.5 µm

Confinement factor [21] Γ 0.06

Internal losses αint 1200 m−1

Number of quantum dot layers LD 5

Dot areal density DA 3.4 × 1014 m−2

Average quantum dot radius R 30.5 nm

Average quantum dot height HD 6.9 nm

Quantum dot degeneracy ρD 4

Wetting layer thickness HWL 0.3 nm

Effective density of states in the WL

per area and per energy [4, 71] ρ2D 5.997 × 1035 m−2J−1

Refractive index [71] n 3.261

Temperature T 283 K

The values of the parameters that vary with current, were inferred from
the experimental measurements. Regarding the timescales, the parameter τcap

was identified as the timescale τ2, whose values as a function of current were
obtained in previous chapter. The spontaneous recombination lifetime, τsp

3H. Wang and R. Nötzel are acknowledged for providing QD parameters.
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was assumed to be governed by the wetting layer recovery, i.e. the parameter
τ3 from previous chapter.

The differential gain, a, and the quantum dot states energy separation from
the wetting layer band edge, ∆EWL

D were adjusted to match the observed
experimental behavior. The parameter a was fitted to the measured small
signal gain at each injection current. The parameter ∆EWL

D was fitted to
satisfy the experimentally observed gain dynamics, and as the parameter a, it
showed to be necessary to fit it for each injection current, i.e. a fixed value of
∆EWL

D could not reproduce the range of the gain dynamics measurements as
a function of current.

The current dependent parameters and their values are summarized in
Table 5.2. Note that the differential gain, a, is given for two wavelengths,
which correspond to the probe and pump wavelengths employed in the gain
and phase dynamics characterization experiments; these are 1554.5 nm and
1540 nm, respectively.

Table 5.2: Current dependent model parameters.

I (A) a (×10−20 m2) τsp (ps) τcap (ps) ∆EWL
D (meV)

1554.5 nm 1540 nm

0.5 3.46 3.11 319.39 32.06 119.02

0.6 3.62 3.42 282.84 28.39 124.47

0.7 3.84 3.86 255.24 25.62 131.94

0.8 4 4.08 233.5 23.44 137.3

0.9 4.27 4.49 215.84 21.67 139.9

1 4.25 4.61 200.9 20.2 142.86

The raise in the parameter ∆EWL
D as current increases indicates that the

shift as a function of current of the quantum dot states energy does not occur
at the same rate as the shift of the energy of the wetting layer band edge.
An experimental study by Matthews et al. [108] in an InGaAs quantum dot
system, showed that at room temperature, an apparent gain saturation as a
function of current occurs, as a result of the large reservoir of wetting layer
states that makes more difficult to achieve full inversion of the QD states.
Under these temperature conditions, a larger current injection produces an
increment in the wetting layer population but does not produce a significant
change in the QD population [108]. As the temperature is reduced, higher
gains can be achieved as the WL and QD populations become more decoupled,
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i.e. the rate of thermal escape of carriers from the dots to the WL is decreased.
Hence, the values of ∆EWL

D found here are believed to reflect precisely this
fact, an increasing current produces changes in the WL Fermi level position
but does not change significantly the quantum dot population.

5.3 Static gain saturation characteristics

The use of quantum-dot semiconductor optical amplifiers (QD-SOAs) as in-
line amplifiers for reach extension in gigabit passive optical networks has been
investigated recently [109, 110]. In particular, these networks require the con-
nection in the uplink path, of a large number of customers with varying input
power, depending on how close they are to the passive combiner. Therefore,
a key characteristic that a potential upstream amplifier must meet in these
networks is a large input power dynamic range (IPDR). A high gain is not
essential since the networks are short reach. It has been shown experimentally
that QD-SOAs, with larger saturation input power, have a superior perfor-
mance over conventional bulk amplifiers for this application [109, 110]. This
property of QD-SOAs is also related to their ability to amplify high bit-rate
pulse trains without patterning effects [111]. These findings imply that studies
on the gain saturation characteristics in QD-SOAs are essential for the devel-
opment of optimized devices or for predicting how the device will behave in
such applications.

In this section the gain saturation characteristics of QD-SOAs in the CW
regime of amplification are investigated. Previous studies on this subject have
proposed analytical approximations for the saturation power of QD-SOAs in
two limiting cases: at low current densities and at high current densities [26,
112]. In these studies, a large separation energy between WL and QD states, a
fast carrier capture and intradot relaxation were found to be key requirements
to achieve high saturation power [26, 112]. Here the focus is on the regime in
which the gain can be approximated by a linear function of the carrier density.
The aim is to propose an analytical approximation for the saturation power
in this regime and quantify in this way the enhancement of the saturation
power of QD-SOAs compared to their counterparts, bulk and quantum well
devices. The analytical approximation presented here qualitatively agrees with
the findings in [26, 112].

The basis for this study is the two-level rate equation model presented
earlier. The analysis starts by determining the QD and WL carrier densities
in steady state, without light injection. To this aim the time derivatives on the
left hand sides of Eqs. (5.8)-(5.9) are set to zero, and the stimulated emission
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term in Eq. (5.9) is neglected. This results in a system of two equations with
two unknowns that can be analytically solved. Quadratic equations are found
for the solution of ND and NWL from which the unphysical solution should
be disregarded. The QD and WL carrier densities in steady state are denoted
as ND0

and NWL0
, respectively.

In the case of a CW beam, the time derivatives on the left hand sides
of Eqs. (5.8)-(5.9) vanish. Similarly, this results in a system of equations
from which the QD carrier density (ND) can be solved. The solution can be
substituted into Eq. (5.14) to obtain the material gain. The result is

g =
a
[

k1 ∓ {qdV (ρDτcap − 2τesc) τsp}−1 √ (

a2k2
2S2 + 2ak3S + k4

)

+ ak5S
]

1 + 2avgτspS
,

(5.17)
where the parameter V = VD/VWL has been introduced. Once more, only one
solution has physical meaning. The coefficients ki, i =1, 2, 3, 4, 5, depend on
known parameters but they are complicated and do not provide insight. They
are added in Appendix C for reference. In order to describe the propagation
of the CW beam through the amplifier, one could substitute Eq. (5.17) into
the propagation equation (5.3) and integrate over the length of the device.
The nature of the problem would lead however to a numerical solution and
still the saturation photon density Ssat would not be discernible. Instead, the
approach described in the following is proposed.

The saturation photon density is defined as that at which the gain g, is half
the unsaturated gain, g0. The unsaturated gain, g0 is determined by setting
S ∼ 0 in Eq. (5.17). This yields

g0 = a(2ND0
− ρDDD). (5.18)

Hence, to derive the saturation photon density, Eq. (5.17) is set equal to g0/2
and the resulting equation is solved for S. The result is given by

Ssat =
1

avgτsp
fsat. (5.19)

The dimensionless factor fsat is given by Eq. (5.20)

fsat =
4NtotV

−1(c1ρDDD − 2ND0
) − (2ND0

+ ρDDD)(AρDDD − 2ND0
)

2(2ND0
− ρDDD)(BρDDD − 2ND0

)
(5.20)

where Ntot = Jτsp(qd)
−1, A = c1 + c2 + c3, B = c1 + c2 and the parameters

c1, c2 and c3 are

c1 =
6Resc + ρD

2Resc − ρD
, (5.21)
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c2 =
8Resc

V Rsp(2Resc − ρD)
, (5.22)

and

c3 =
8DWL

V DD(2Resc − ρD)
. (5.23)

In Eqs. (5.21)-(5.23) the variables Resc = τesc/τcap and Rsp = τsp/τcap have
been introduced. The expression for the saturation photon density of a QD-
SOA matches that of a bulk or a quantum well amplifier except for the di-
mensionless factor fsat which acts as an enhancement factor of the saturation
photon density. It should be stressed that this parameter plays an important
role in the description of the saturation photon density of QD-SOAs over an
above the differential gain and spontaneous recombination time.

The enhancement provided by fsat, according to Eq. (5.20), depends on
the distribution of carriers among the involved populations, i.e. WL and
QD carrier populations. The timescales determine to a large extent how the
injected carriers will be distributed among these populations. This results in
the WL and QD carrier populations in steady state (without light), namely
NWL0

, and ND0
, respectively. The relation between them and the injected

current, under steady state condition (without light) is

Ntot = NWL0
+ V ND0

, (5.24)

in which the relations Ntot = Jτsp(qd)
−1 and V = VD/VWL are recalled.

To continue the analysis it results convenient to divide both numerator and
denominator of Eq. (5.20) by ρDDD. This yields:

fsat =
4NtotV

−1(c1 − 2fD0
) − (2ND0

+ ρDDD)(A− 2fD0
)

2(2ND0
− ρDDD)(B − 2fD0

)
, (5.25)

where fD0
= ND0

/(ρDDD) is the dot occupation probability in steady state.
Evidently the physical role of the parameter fsat implies that it is a positive
quantity. An inspection of Eq. (5.25) along with Eqs. (5.21)-(5.23) can help
to determine the maximum value that this parameter can achieve.

Eqs. (5.21)-(5.23) indicate that 2Resc > ρD so that the function does
not become undetermined. As Resc = τesc/τcap, this condition implies that at
least an energy separation of ∼17 meV should exist between WL and QD states
(considering ρD = 4 and T = 283 K). If 2Resc < ρD the function does not un-
determines but lacks of physical meaning for QD-SOAs as ∆EWL

D ∼ 0. Hence
as 2Resc − ρD > 0 all parameters ci, i =1, 2, 3, are positive quantities. On the
other hand, the minimum value of parameter c1 is 3 which would occur for
large values of Resc, i.e. for highly confined dots (large ∆EWL

D ). This ensures
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that the factors of Eq. (5.25) in which c1 appears, are all positive quantities
even when c2 and c3 vanish since 2fD0

can not be greater than 2. As c1 plays
a role in both terms in the numerator and the denominator, to maximize the
value of fsat requires that c2 and c3 are close to zero. Consequently, setting
c1 = 3, and c2 ≈ c3 ≈ 0, Eq. (5.25) reduces to:

fmax
sat =

2V −1(Ntot +NWL0
) − ρDDD

2(2ND0
− ρDDD)

, (5.26)

where Eq. (5.24) has been used. Eq. (5.26) sets the upper limit of fsat.
Observe that for this to occur a large ∆EWL

D is required, which leads to c1 = 3
and c3 ∼ 0. In the case of c2 a large Rsp = τsp/τcap is also needed, which means
that in addition to highly confined dots, a fast capture time into the dot is
also required to enhance the saturation photon density of QD-SOAs. These
findings are in agreement with previous studies [26, 112]. These conditions
together (large ∆EWL

D and fast τcap), imply that more carriers are available in
the dots, and that these take longer to thermally escape, and therefore more
stimulated emission can occur before the gain is saturated. The ratio between
the carrier densities in equation (5.26) evidences how the wetting layer states
act as a carrier reservoir to enhance the saturation photon density; roughly,
depending on the amount of the carrier reservoir with respect to the quantum
dot population, is the amount of enhancement.

Finally, considering Eqs. (5.18)-(5.23), the material gain can be expressed
as:

g =
g0

1 + S/Ssat
. (5.27)

To validate the model, the gain saturation characteristics of the noncom-
mercial QD-SOA at 0.6 A shown in Figure 3.4b were computed. The CW
beam was located at 1554.5 nm and all simulation parameters can be found
in Tables 5.1 and 5.2. First the steady state conditions without light were
computed. This led to the value of g0. Then the parameter fsat was com-
puted using Eqs. (5.20)-(5.23). With these results the material gain can be
formulated as in Eq. (5.27) which should be substituted into the propagation
equation (5.3) to be integrated over the amplifier length. Following [113] the
propagation equation has the following solution:

(Γg0 − αint)L = ln

(

Sout

Sin

)

− Γg0
αint

log

{

Γg0 − αint(1 + Sout/Ssat)

Γg0 − αint(1 + Sin/Ssat)

}

. (5.28)

Eq. (5.28) can be solved numerically to find the (Sin, Sout) pairs, and these
can be linked to the optical power by Eq. (5.5). The power gain is then
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Figure 5.3: QD-SOA experimental and theoretical gain saturation curves.
The CW beam is located at 1554.5 nm and the bias current is 0.6 A. The
differential gain, a (3.62×10−20m2), was fitted to the measured small signal
gain, G0 (16.75 dB).

computed as G(dB)= 10 log(Pout/Pin). The results of the computation are
shown in Figure 5.3 along with the experimental measurements which were
introduced in Chapter 3 (Figure 3.4b).

As can be seen from Figure 5.3, the theoretical curve is well in agreement
with the experimental curve. The saturation output power, P sat

out , which is an
important figure of merit of an amplifier, is defined as that for which the small
signal gain G0, has been reduced by 3 dB. The small signal gain is defined as:

G0(dB) = 10 log {exp(Γg0 − αint)L} . (5.29)

This concept has been illustrated in Figure 5.3. The absolute error in the pre-
diction of the saturation ouput power was 0.47 dB. The value of fsat computed
using Eqs. (5.20)-(5.23) was 1.86. According to Eq. (5.19), the QD-SOA satu-
ration photon density is greater than that of a bulk or quantum well amplifier,
roughly by a factor of 2, provided that they all have similar differential gains
and spontaneous recombination times. For reference, in Figure 5.3 a satura-
tion curve of an hypothetical bulk SOA with the same differential gain and
spontaneous recombination time has also been computed, however in this case
fsat = 1. This resulted in a saturation output power of 2.7 dB less than the
QD amplifier.
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To corroborate the observations stated earlier by inspection of Eqs. (5.20)-
(5.23) that led to the derivation of the upper limit of fsat, i.e. fmax

sat [Eq.
(5.26)], the saturation output power was calculated for a range of bias currents
and varying different parameters to evaluate their influence on this figure of
merit. The saturation output power (P sat

out ) can be expressed in terms of the
saturation power (Psat) [Ssat is linked to Psat by Eq. (5.5)] as [113]:

P sat
out = Psat







(B − 1)
(

1 − αint

Γg0

)

(

αint

Γg0

)(

2B
G0

− 1
)







, (5.30)

where B = exp {−3αint/ (4.34Γg0)}.
Using Eqs. (5.20)-(5.23) and (5.30), the output saturation power is com-

puted for the parameters of the noncommercial QD-SOA displayed in Tables
5.1 and 5.2, using a 1554.5 nm CW beam. These computations correspond
to the prediction of the output saturation powers experimentally measured.
These data constitute the reference throughout the following analysis.

To evaluate the effect of ∆EWL
D on the saturation output power (P sat

out ), all
the reference parameters are kept fixed, except that in a first exercise, 126 meV
are added to the values of ∆EWL

D in Table 5.2 and in a second exercise, 60 meV
are subtracted from those values, to give a large and a low energy separation
scenarios, respectively.

The effect of these changes on fsat and on the saturation output power, as a
function of current are plotted in Figure 5.4. From the figure it can be observed
that increasing (decreasing) ∆EWL

D leads to an increment (decrement) of fsat

(see Figure 5.4a) and therefore of the saturation output power (see Figure
5.4b). However, at lower injection currents, a slightly larger value of fsat

is observed for the low energy separation scenario with respect to the large
energy separation case. Nonetheless this results in a lower saturation output
power for the low energy separation scenario compared to the large energy
separation case. This is explained as follows. The dot occupation probability
decreases as the WL and QD carrier population have closer energies because
carriers can escape faster back to the WL. Consequently there is less small
signal gain available (G0) which leads to the lower saturation output power
according to Eq. (5.30).

Figure 5.4 also illustrates the effect of increasing the capture time by a
factor of 10. As predicted earlier, this effect causes a diminution of the fsat

parameter (see Figure 5.4a) and hence of the saturation output power (see
Figure 5.4b). This parameter is as critical as decreasing ∆EWL

D . Its reduc-
tion means that the dots are less populated and less carriers are available for
stimulated emission.
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Figure 5.4: (a) Parameter fsat and (b) saturation output power as a function
of current and for different parameters from those of the Reference data: a
large ∆EWL

D (∆EWL
D +126 meV), a small ∆EWL

D (∆EWL
D −60 meV), and a slow

τcap (10τcap). In (a) the parameter fmax
sat is also plotted for the large separation

energy scenario and for the Reference data, and in (b) the corresponding
saturation output powers associated to these fmax

sat parameters are also shown.
A large ∆EWL

D and a fast capture time τcap increase the saturation output
power.
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It is also interesting to test the prediction of the saturation output power
based on the simplification of fsat, namely fmax

sat [Eq. (5.25)]. To this end,
according to the distribution of carriers given by the large energy separation
scenario, the saturation output power is computed as a function of current
using fmax

sat , and the values of the parameter fmax
sat and the corresponding

saturation output powers are plotted in Figure 5.4. As can be seen from
Figure 5.4b, the approximation is in excellent agreement with the curve of
the saturation output power corresponding to the large energy separation.
It should be recalled that the simplified Eq. (5.25) is based mainly on a
large ∆EWL

D parameter. Hence, this approximation will describe better the
saturation output power of devices with larger ∆EWL

D , however ∆EWL
D as low

as 100 meV already give a large Resc and therefore Eq. (5.25) should give
a good approximation of the saturation output power. As an example, the
saturation output power of the reference case is also computed using fmax

sat . It
is observed that the absolute error introduced by the approximation is as high
as 0.8 dB at 0.5 A, and as low as 0.3 dB at 1 A.

The effect of changing the number of QD layers and the dot areal den-
sity on the saturation output power is also investigated. The parameter DA

is decreased from 3.4 × 1014 m−2 to 2.4 × 1014 m−2. This change improves
the parameter fsat as showed by Figure 5.5a and hence the saturation output
power, as plotted in Figure 5.5b. The improvement in the saturation output
power is about 2 dB with respect to the reference case. With a lower DA

it is possible to reach a higher dot occupation probability with less current
injection, which provides more carriers for stimulated emission and hence a
larger saturation output power. The saturation output power was also calcu-
lated using fmax

sat , and the approximation showed to give a good estimation of
the saturation output power, with a maximum absolute error of 1 dB at low
currents.

The effect of changing the number of QD layers (LD) from the reference
value of 5, to 3 also gives an improvement in both fsat and saturation output
power, as can be seen from Figure 5.5. The reason behind this is the same as
that of decreasingDA. Although the improvement is less significant (∼0.5 dB).
It should be noted however that any of these two simulated changes are at the
expense of less modal gain. The saturation output power computed using
fmax

sat also provided a good estimation for this scenario.
In general these findings are in agreement with previous studies [26, 112]

that employed extensive numerical calculations. Instead, the analytical model
proposed in this section facilitates the estimation of the QD-SOA saturation
output power and therefore constitutes a useful and accessible tool.
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Figure 5.5: (a) Parameter fsat and (b) saturation output power as a function
of current and for different parameters from those of the Reference data: a
lower dot areal density (DA = 2.4 × 1014 m−2, and a reduced number of QD
layers (LD = 3). In (a) the parameter fmax

sat is also plotted for these two cases,
and in (b) the corresponding saturation output powers associated to these
fmax

sat parameters are also shown. A lower dot areal density and a reduced
number of QD layers increase the saturation output power.
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5.4 Gain and phase dynamics

In this section it is aimed to evaluate how well the simple two-level rate equa-
tion model is able to describe the measured dynamic characteristics of the
QD-SOA. These measurements results were presented in Chapter 3. The large
amount of data available from the experimental characterizations allows to val-
idate the model for a wide range of operating conditions. The simplicity of
the model is also helpful to give insight into the QD-SOA dynamics.

The gain and phase dynamics measurements involved two input signals to
the QD-SOA, namely the pump and probe signals, located at 1540 nm and
1554.5 nm (meaning an energy separation of 7.5 meV), respectively. In the
model, the dot size distribution has not been taken into account, and just
an average dot size has been considered. If more signals are intended to be
included in the model they should lie within the homogeneous broadening; for
QD-SOAs at room temperature, this has been estimated to be about 15 meV
[16, 114]. If the signals lie within the homogeneous broadening it may be
assumed that they interact with dots that are spatially isolated and slightly
energetically different but are interconnected by the wetting layer. Hence, one
can assume that the dot dimensions under this regime are very similar, and the
approximation of using the same quantum dot dimensions still can hold. Under
this assumption, the small energy separation of 7.5 meV between the pump
and probe signals allow the use of the model to simulate their propagation
through the QD-SOA.

To perform the simulations, as a first step, a stimulated emission term
for the pump of the form −vggiSi is aggregated to Eq. (5.9), where gp =
ap(2ND − ρDDD), with p denoting the pertaining parameters of the pump
signal with photon energy ~ωp. The corresponding propagation equations in
the form of Eqs. (5.3)-(5.4) are also added. Then Eqs. (5.8)-(5.9) and the
propagation equations for both pump and probe signals are numerically solved
using the approach described in Section 5.2.3.

The probe has a weak average power while that of the pump is relatively
strong. The carriers depleted by the strong pump via stimulated emission are
reduced from the dot carrier population. This modifies the gain observed by
the probe which is propagating simultaneously with a determinate time delay
with respect to the pump. The changes in gain influence the propagation
of the probe optical field according to Eqs. (5.3)-(5.4). The optical field of
the probe, i.e. its output power and phase, are monitored at the end of the
simulation. In the simulations a zero time delay means that probe and pump
pulses travel overlapped through the SOA, a positive delay that the probe
pulse follows the pump pulse and a negative delay the opposite. During the
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simulation, it was ensured that the QD-SOA recovered to the steady state
condition if given enough time.

5.4.1 Gain dynamics

In the simulations the average power levels of the 2.4 ps probe and pump sech2-
shaped pulses at a 665 MHz repetition rate, were set as those employed during
the experiments, considering the coupling losses. The rest of the parameters
were those listed in Tables 5.1 and 5.2. At each time delay, the probe gain
was obtained by dividing its output pulse energy by its input pulse energy.
The input and output pulse energies were obtained by integrating the pulse
power profiles over time. The model was tested for different bias currents and
for two pump pulse average powers. At each current, the parameters listed
in Table 5.2 were updated accordingly. As an example, Figure 5.6 shows
the experimental and the theoretically predicted gain dynamics for three bias
currents 0.5 A, 0.6 A, and 0.9 A. The pump average powers (pulse energies)
were -12.5 dBm (84.7 fJ), -16.6 dBm (32.8 fJ) and -29.6 dBm (1.7 fJ), for the
0.5 A, 0.6 A and 0.9 A bias currents, respectively. The probe average power
(pulse energy) was fixed to -41.6 dBm (0.1 fJ). In Figure 5.6 the theoretical
curves are compared to the experimental curves in two time scales, in which
the measurements were taken.

As it can be observed from Figure 5.6 there is a good agreement between
the experimental and theoretical curves. There is no need to include an inter-
mediate state energy, i.e. as in a three-level rate equation model, to explain
the observed behavior. Possibly a slightly better match might be obtained but
at the expense of complexity and time consuming computations.

With the model it was observed that the faster gain recovery as current
increases was given by several phenomena. First, the faster wetting layer
recovery and the faster capture time of carriers into the dot with increasing
current. This was also observed experimentally and led to the estimation of the
values of the timescales that were used in the model. The other phenomenon
that is suggested to play a role in the fast recovery of QD-SOAs as current
increases is that an increasing current causes a more significant change of
the wetting layer population than that of the QD population. In the CW
regime this effect has shown to explain the apparent QD gain saturation at
room temperature [108]. It is speculated that this effect results in a larger
separation energy between WL and QD states with increasing current, making
more difficult the escape of carriers from the dots to the WL. As carriers stay
longer in the dots, the recovery of the gain occurs to a larger extent. This is
possibly related to the faster recovery of the ground states compared to the
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excited states in InGaAs quantum dot amplifiers [27, 115].
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Figure 5.6: QD-SOA experimental and theoretically predicted gain dynam-
ics. The bias currents and pump average powers are (a) 0.5 A, and -12.5 dBm
(84.7 fJ); (b) 0.6 A, and -16.6 dBm (32.8 fJ); and (c) 0.9 A, and -29.6 dBm
(1.7 fJ). The probe average power (pulse energy) is fixed to -41.6 dBm (0.1 fJ).
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5.4.2 Phase dynamics

To model the phase dynamics in the fashion of Eq. (5.4), a value for the α-
factor is required. It was shown in a previous chapter that the induced phase
shift and induced gain changes are linked through the α-factor by:

α(t) = − 2φ(t)

lnG(t)
(5.31)

Using Eq. (5.31), the measured gain and phase changes showed to give a
non trivial picture of the α-factor. As it was addressed in Chapter 4, the
measurements suggested that separate α-factors are associated to each of the
recovery mechanisms of the amplifier. Nonetheless, the α-factor evolved to a
constant value indicating similar long-time evolutions of gain and phase. The
model of the phase dynamics is intentionally kept simple and adopts a single
value for the α-factor. It is intended to investigate how well such a simple
model describes the experimental behavior. To choose the α-factor value,
the experimental phase shifts were taken as a reference. Specifically, the α-
factor value was chosen so as to produce the maximum phase shift observed
experimentally. This value, was current dependent and had a weak dependence
on power. Table 5.3 displays the α-factors inferred from the maximum phase
shifts observed experimentally, and that were used in the model calculations.

Table 5.3: α-factors values used in the model.

I (A) α-factor

0.5 2.2

0.6 3.7

0.7 4.3

0.8 4.9

0.9 6.4

Figure 5.7 shows the experimental phase shifts (Figure 5.7a) and the the-
oretically predicted phase shifts (Figure 5.7b) for three bias currents: 0.5 A,
0.6 A and 0.9 A. These correspond to the induced phase shifts associated to
the gain changes plotted in Figure 5.6.

It is evident from Figure 5.7 that although the maximum phase shifts are
theoretically reproduced, the model in its present form can not explain the
slow phase dynamics experimentally measured. In this case, in order to re-
produce the observed phase shifts evolutions, it seems that a more elaborated
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model for the phase needs to be developed. Taking as a reference the experi-
mental findings, and with a better understanding of the physical mechanisms
contributing to each of the recovery processes, one could compute the gain
changes induced by each of them, and accordingly, compute the refractive in-
dex change via Kramers-Kronig relations. Such an approach, that has been
developed for bulk SOAs [83], could help to verify the existence of different
α-factors for the processes contributing to the gain and phase responses, and
to provide insight into how they should be included in the context of rate
equation modeling. Nevertheless it is still of interest to test whether such a
simple model with a single α-factor can describe the enhanced blue shifted
components of the cross gain and cross phase modulated spectra of a CW
beam at the QD-SOA output, as shown in Figures 3.11 and 3.12. This is
going to be the subject of Section 5.5.
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Figure 5.7: QD-SOA (a) experimental and (b) theoretically predicted phase
dynamics for three bias currents: 0.5 A, 0.6 A and 0.9 A. The pump and probe
power levels are identical to those of Figure 5.6.

5.4.3 Analytical model for the recovery dynamics

In this section, for a quick evaluation of the gain and phase dynamics, a simple
analytical model is proposed to describe their recovery after a short pulse has
propagated through the QD-SOA. Consider that a short optical pulse has
saturated the amplifier at t = 0 and that the carrier populations start to
recover afterwards. During the recovery period one can neglect the stimulated
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emission term in Eq. (5.9). Then, Eqs. (5.8)-(5.9) can be rewritten as:

∂NWL

∂τ
=
Ntot

τsp
+V R1NWLND −

(

V

τcap
+

1

τsp

)

NWL +

(

V DWL

DDτesc

)

ND, (5.32)

∂ND

∂τ
= −R1NWLND −

(

1

τsp
+

DWL

DDτesc

)

ND +
1

τcap
ND, (5.33)

where

R1 =
1

DD

(

1

ρDτcap
− 1

2τesc

)

, (5.34)

and the temporal dependencies of ND and NWL have been omitted to simplify
the notation. As it can be observed from Eqs. (5.32) and (5.33) they consti-
tute a system of nonlinear differential equations whose solution is non trivial.
However, a solution for ND is proposed:

ND(t) = (A−ND0
) exp

(

− t

τA

)

− (B −ND0
) exp

(

− t

τB

)

+ (C − 2ND0
) exp

(

− t

τC

)

− (D −ND0
) exp

(

− t

τD

)

+ND0
,

(5.35)

with:

τA = τsp +
DDτesc
DWL

, (5.36)

τB = τsp − ρDτcap, (5.37)

τC =
τcap

V
, (5.38)

and

τD =
DDτesc
V DWL

. (5.39)

The proposed solution can be used to derive a solution for NWL by isolating
this function in Eq. (5.33). The result is:

NWL =
N ′

D +
(

1
τsp

+ DWL

DDτesc

)

ND

1
τcap

− 1
DD

(

1
ρDτcap

− 1
2τesc

)

ND

, (5.40)

where N ′
D denotes the time derivative of Eq. (5.35). The carrier densities A,

B, C and D can be found by imposing the appropriate boundary conditions,
which are as follows:

ND(0) = NDs (5.41)



86 Modeling of QD-SOA basic characteristics

NWL(0) = NWLs (5.42)

N ′
D(0) = −R1NWLsNDs −

(

1

τsp
+

DWL

DDτesc

)

NDs +
1

τcap
NDs , (5.43)

N ′
WL(0) =

Ntot

τsp
+ V R1NWLsNDs −

(

V

τcap
+

1

τsp

)

NWLs +

(

V DWL

DDτesc

)

NDs ,

(5.44)
where NDs and NWLs are the saturated QD and WL carrier populations from
where the recovery starts. Still, two important boundary conditions that
emerge naturally from the solutions are: ND(∞) = ND0

and NWL(∞) =
NWL0

, where ND0
and NWL0

have been defined previously as the QD and
WL carrier populations in steady state, respectively.

From the solution of the QD carrier population, the gain recovery can be
derived by substitution of Eq. (5.35) into the power gain:

G(t) = exp {Γa(2ND(t) − ρDDD)L− αintL} , (5.45)

where Eq. (5.14) has been used. Substitution of Eq. (5.35) into Eq. (5.45)
leads to:

G(t) = G0

(

GA

G0

)exp(− t
τA

) (G0

GB

)exp(− t
τB

) (GC

G0

)2 exp(− t
τC

) ( G0

GD

)exp(− t
τD

)

,

(5.46)
where G0, GA, GB , GC , GD are the gains of the form

GX = exp {Γa(2X − ρDDD)L− αintL} , (5.47)

where X should be replaced by the carrier densities ND0
, A, B, C, and D,

respectively. Note that G0 corresponds to the small signal gain of the device.
Eq. (5.46) defines the gain recovery of the QD-SOA from a saturated gain Gs

to the unperturbed gain G0. The saturated gain Gs is defined from Eq. (5.46)
evaluated at t = 0:

Gs =
GAG

2
C

GBGD
. (5.48)

The phase change and gain change from the steady state values φ0 and G0

are linked through the α-factor by [86]:

φ(t) − φ0 = −α
2

ln

(

G(t)

G0

)

. (5.49)
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Combining Eqs. (5.49) and (5.46) results in:

φ(t) = −α
2

{

exp

(

− t

τA

)

ln
GA

G0
− exp

(

− t

τB

)

ln
GB

G0

+2exp

(

− t

τC

)

ln
GC

G0
− exp

(

− t

τD

)

ln
GD

G0

}

+ φ0.

(5.50)

Eqs. (5.46) and (5.50) can be used to predict the gain and phase recovery
if the initial state of saturation is known. To test the model, a 2.4 ps sech2-
shaped pulse with a pulse energy of 11.5 fJ was propagated through the QD-
SOA, using the two-level rate equation model. The bias current was 0.8 A
for which the small signal gain was G0(dB)=23.74 dB (G0=236.59), and the
indicated pulse energy produces a 3 dB gain suppression. The gain and phase
shift (i.e. φ(t) − φ0) of the pulse are plotted in Figure 5.8.

The required initial conditions are the saturated values of the QD and WL
carrier densities, i.e. NDs and NWLs . NDs is associated to the gain after sat-
uration, in this case Gs(dB)=G0(dB)-3=20.74 dB. Using Eq. (5.45), NDs was
estimated as 9.3183×1023 m−3, and NWLs is a free parameter that was set
to 1.874×1025 m−3. A numerical solution of the boundary conditions (5.41)-
(5.44) led to GA = 223.09, GB = 245.07, GC = 186.65, and GD = 280.37.
These gains are associated to the following timescales τA = 274.15 ps, τB =
139.89 ps, τC = 1.014 ps, and τD = 1.78 ps [Eqs. (5.36)-(5.39)], which were
computed using the parameters listed in Tables 5.1 and 5.2. These values were
substituted into Eqs. (5.46) and (5.50) to obtain the gain and the phase shift
(φ(t) − φ0) during recovery, respectively. The results are plotted and over-
lapped to the results from the rate equation model, in Figure 5.8. The figure
shows that the results from the analytical model describe well the recovery
of the gain and that of the phase. The model showed to reproduce the gain
and phase recoveries well over a wide range of bias currents and input pulse
energies. It should be recalled that this simple model describes the recovery
dynamics; to describe the gain saturation it may be assumed that it follows
the shape of the pulse.

5.5 Blue chirp enhancement

The cross gain and the cross phase modulated spectra of a CW beam at
a QD-SOA output, exhibited more enhanced blue components with respect
to the red components, when compared to a bulk SOA at similar operating
conditions [20] (see Figure 3.10). This phenomenon showed to be present in
other two different InP based QD-SOAs, as shown in Figures 3.11 and 3.12
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Figure 5.8: (a) Gain and (b) of a single pulse after propagation through the
QD-SOA, computed using the rate equation model and an analytical approach
that describes the recovery. The input pulse energy is 11.5 fJ.

and it has been recently exploited for the realization of non-inverted multiple
wavelength conversion [20]. Hence, the motivation for the understanding of
this phenomenon for further exploitation.

When a single pulse propagates through the QD-SOA, as it occurs in a bulk
or a quantum well amplifier, the leading edge of the pulse experiences full gain,
while the gain for the trailing edge is reduced due to gain saturation by the
leading part [103]. The depletion of carriers by the trailing edge imposes a
red chirp on the amplifying pulse and the subsequent recovery imposes a blue
chirp. Since the blue chirp is related to the recovery, one may examine Eq.
(5.50) that describes the recovery of the phase. The phase is related to the
chirp by ( [103]):

∆ν(τ) = − 1

2π

∂φ

∂τ
. (5.51)

therefore, combining Eqs. (5.50) and (5.51) indicates that the blue chirp
should follow the relation:

∆νBlue(t) ∝
α

4π

{

− 1

τA
exp

(

− t

τA

)

ln
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G0
+

1

τB
exp

(

− t

τB

)

ln
GB

G0

− 2

τC
exp

(

− t

τC

)

ln
GC

G0
+

1

τD
exp

(

− t

τD

)

ln
GD

G0

}

.

(5.52)

Eq. (5.52) is useful to extract that, during the recovery period, the chirp
varies inversely proportional to the recovery timescales of the SOA. According
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to the values provided for GA,B,C,D and τA,B,C,D at the end of previous section,
one can readily compute (at t = 0) that the dominating parameters are those
associated to the fastest timescales, i.e. τC and τD. In the case of a typical
bulk SOA, the chirp in this regime would be inversely proportional to the
spontaneous recombination time, which is much greater than τC and τD. Hence
it is expected that due to the faster recovery times of the QD-SOA, they
observe an enhanced blue chirp.

To investigate how the blue chirp is enhanced as the device becomes faster,
a 2.4 ps sech2-shaped pulse was propagated through the QD-SOA. Its output
power and phase were monitored at the output and the chirp (∆ν) was com-
puted using Eq. (5.51). This procedure was done for three bias currents:
0.6 A, 0.8 A and 0.9 A. At each current, the pulse energies were 40 fJ, 11.5 fJ
and 5 fJ, respectively. These pulse energies were chosen to produce a gain
suppression of 3 dB. Figure 5.9 shows the chirp induced on the pulse at each
bias current.

As it can be seen from Figure 5.9, as the current increases the amount of
blue chirp increases unevenly with respect to the red chirp. To have a rough
estimation of this increase, in the inset of Figure 5.9 the ratio of the maximum
imposed blue chirp and the maximum imposed red chirp in absolute value is
presented as a function of current. This ratio increases from 0.5 at 0.6 A to
0.63 at 0.9 A. The chirp profiles available in the literature [91, 103, 116] for
typical bulk SOAs show that the amount of red chirp is considerably larger
than the amount of blue chirp, and the ratio just defined above is less than
0.5.

Now it will be investigated if the two-level rate equation model can describe
qualitatively the enhancement of the blue components with respect to the red
ones as a function of current observed in the spectra of cross gain and cross
phase modulated CW light at the QD-SOA output (Figures 3.9 and 3.10). To
this end, the two-level rate equation model is used to copropagate a 1554.5 nm
CW beam (probe) with a long sequence (3.25 ns) of pulses with a 40 GHz
repetition rate (pump). The pump pulses were located at 1540 nm. These
set of probe and pump wavelengths were chosen because the characteristic
timescales, α-factors and differential gains are known from the characterization
experiments. Different wavelengths will need an update of these parameters.

After traversing the QD-SOA, the probe output power and phase was used
to calculate the probe spectrum. As the hypothesis so far is that the fast re-
covery behavior associated to QD-SOAs give this uneven spectral distribution,
the spectra were generated for three bias currents 0.6 A, 0.8 A and 0.9 A. In
each spectrum the focus is on the difference between the first harmonics i.e.
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Figure 5.9: Frequency chirp as a function of current induced on a 2.4 ps sech2-
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5 fJ for the 0.6 A, 0.8 A and 0.9 A bias currents. Inset: Ratio of the maximum
imposed blue chirp and the maximum imposed red chirp in absolute value as
a function of current.

the difference between the peak of the first harmonic on the blue side and
that on the red side of the carrier. This difference is denoted as ∆B−R. The
input probe power level was kept fixed to -10 dBm. The pump average power
(pulse energy) was chosen in the following way. At each current, the CW beam
was first copropagated with a single pulse whose pulse energy was chosen to
produce a phase change of 0.7π (arbitrarily chosen to act as a reference). The
pulse energy of the 40 GHz pulse sequence was then set to this value. This
phase change will not be conserved when the 40 GHz pulse sequence propa-
gates, but the purpose is to specify the same input conditions for each current,
and therefore impose that similar nonlinear phase shifts are induced by the
QD-SOA at each bias current. Then these spectra can be compared in a fairer
way than if the same pump average power is set for all bias currents. The same
pump average power leads to different nonlinear phase shifts at each current,
and different nonlinear phase shifts influence the difference ∆B−R, as it can be
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observed in [94]. Under these circumstances, the input pump average powers
(pulse energies) were set to 7.48 dBm (140 fJ), 3.19 dBm (12 fJ) and -9.83
dBm (2.6 fJ) for the 0.6 A, 0.8 A and 0.9 A bias currents, respectively. Fig-
ure 5.10 shows the calculated probe power spectra computed with the input
conditions detailed above.

Referring to the first components on the blue and on the red side of the
spectra, first, Figure 5.10 shows that the model predicts well in agreement
with the experimental spectra, that the blue component is higher than the red
component. Second, the difference ∆B−R increases with bias current, from
1.85 dB at 0.6 A to 3.38 dB at 0.9 A, as indicated in the figure. However, the
difference ∆B−R observed experimentally, according to Figure 3.11, is larger.

The two sets of spectra, i.e. the one shown in Figure 3.11 and that in Fig-
ure 5.10 can not be compared more than qualitatively, since the bias currents
for some cases are different, the set of pump-probe wavelengths are different
and so the input power conditions. Therefore, an extra probe power spectrum
was generated at 0.8 A using the experimental input conditions of Figure
3.11b, these spectra correspond to the same bias current and input power lev-
els but different wavelengths. The difference ∆B−R obtained by the model
was of 1.77 dB while that observed experimentally was of 7.59 dB (see Figure
3.11b). Despite the difference in the pump and probe wavelengths, the differ-
ence ∆B−R predicted by the model seems to be underestimated with respect
to that observed experimentally. Yet it should be recalled that an increas-
ing difference ∆B−R with increasing current was theoretically predicted, this
means that the enhanced blue chirp components observed in the QD-SOA
can be partly explained to be a consequence of the fast recovery rates of the
QD-SOA. The extra enhancement is still undetermined.

A previous study on the nonlinear phase shifts induced by bulk SOAs [94],
based on a simplified rate equation model, also showed to underestimate the
difference ∆B−R observed in spectra of the same kind as those explained in this
work. Then, a following study on the same subject [117] showed to describe
better the difference ∆B−R by the inclusion of a carrier heating contribution
to the phase model. Hence in this case, it seems that the discrepancy between
the theoretically predicted and the experimentally observed ∆B−R differences
is due to a physical phenomenon not included in the model, possibly carrier
heating. However, as stated earlier, to include more phenomena into the rate
equation model, it is necessary to identify the physical mechanisms contribut-
ing to the gain and phase responses and to verify the existence of different
α-factors associated to them, as suggested by the impulse response formalism
applied to the phase dynamics characterization experiments.



92 Modeling of QD-SOA basic characteristics

1552 1553 1554 1555 1556 1557
−60

−40

−20

0

R
el

at
iv

e 
p

o
w

er
 (

d
B

)

Wavelength (nm)

∆
B−R

=1.85 dB

(a)

1552 1553 1554 1555 1556 1557
−60

−40

−20

0

R
el

at
iv

e 
p

o
w

er
 (

d
B

)

Wavelength (nm)

∆
B−R

=2.84 dB

(b)

1552 1553 1554 1555 1556 1557
−60

−40

−20

0

R
el

at
iv

e 
p

o
w

er
 (

d
B

)

Wavelength (nm)

∆
B−R

=3.38 dB

(c)

Figure 5.10: Calculated probe power spectra for varying currents: (a) 0.6 A,
(b) 0.8 A and (c) 0.9 A. The 1554.5 nm CW probe power is -10 dBm, and
the average power (pulse energy) of the 1540 nm-40 GHz-pump pulses is (a)
7.48 dBm (140 fJ), (b) -3.19 dBm (12 fJ) and (c) -9.83 dBm (2.6 fJ).
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Taking as a reference the experimental spectra of Figure 3.12 because of
their higher resolution compared to the spectra of Figure 3.11, it is observed
that the model predicts qualitatively in agreement the broadening on the red
side of the spectrum whereas that on the blue side seems to be slightly un-
derestimated. Possibly the missing physical phenomenon also explains this
discrepancy.

5.6 Discussion

In this chapter a simple and phenomenological two-level rate equation model
has been used to describe some of the main characteristics of QD-SOAs. The
QD-SOA characteristics addressed in this chapter were the saturation charac-
teristics in the CW regime of amplification, the gain and phase dynamics and
the blue chirp enhancement of QD-SOAs with respect to typical bulk SOAs.
The model employs parameters that are readily available from experimental
characterizations and therefore is very accessible for use.

Derived from the two-level rate equation model, a simple model was pre-
sented to describe the gain saturation characteristics of QD-SOAs in the CW
regime of amplification. The regime in which the gain can be approximated
by a linear function of the carrier density was considered. The model revealed
that the saturation power of QD-SOAs is enhanced by a dimensionless factor
fsat that accounts for the distributions of carriers in the quantum dots and
wetting layer. It was found that a large separation energy between the WL
and QD states as well as a fast capture time of carriers into the dot, play
a key role in the enhancement of the saturation output power of QD-SOAs.
Also it was observed that devices with a lower dot areal density or with less
number of quantum dot layers can also improve the saturation output power
at the expense of less modal gain. Hence there is a trade-off between these
parameters, that can be combined with more sophisticated designs of the QD-
SOA waveguide to pursue a desired performance; either in the linear or in the
nonlinear regime of operations. These findings are in agreement with previous
studies [26, 112] that employed extensive numerical calculations. Instead, the
analytical model for the saturation power proposed in this work facilitates the
estimation of the saturation output power and therefore constitutes a very
useful and accessible tool.

The simple model for the saturation characteristics in the CW regime of
operation, was validated by comparing its results to experimental measure-
ments; the predictions were well in agreement with the experimental behavior.
Furthermore, an approximation for the maximum fsat that sets the maximum
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saturation power that can be reached was also presented. This approximation
showed to introduce small errors, in the order of ∼1 dB, in the prediction of
the saturation output power. The approximation gives more accurate results
as the energy separation between the WL and QD states becomes larger, and
a fast capture time into the dot exists. Typical energy separations between the
WL and QD states exceeds 100 meV and a fast capture time into the dot (in
the order of ∼10’s ps was estimated in this work) is also a typical characteristic
of QD-SOAs, therefore it is expected that the approximation of the parameter
fsat (fmax

sat ) is also a valuable tool for the prediction of the saturation output
power of a wide range of QD-SOAs.

The two-level rate equation model proved to describe well the experimen-
tally observed gain dynamics of QD-SOAs, without the need of including an
extra energy level in the QD population. On the other hand, the phase dy-
namics seemed to require a more detailed model to explain the experimental
behavior. To gain insight into how to improve the rate equation model, it is
necessary to identify the physical mechanisms contributing to the gain and
phase responses and to verify the existence of different α-factors associated to
them, as suggested by the impulse response formalism applied to the phase
dynamics characterization experiments.

An analytical solution to describe the recovery of the gain and the phase of
a single pulse propagating through the QD-SOA was proposed. The solution
was compared against the numerical solution of the two-level rate equation
model and proved to describe well the recovery of a single pulse through the
QD-SOA under different bias currents and input pulse energies. From this
simple model it was possible to infer that a blue chirp enhancement is expected
for QD-SOAs due to their fast recovery rates.

The two-level rate equation model was also used to compute the power
spectra of cross gain and cross phase modulated CW light at the QD-SOA
output. The spectra showed to be qualitatively in agreement with the experi-
mental spectra regarding the prediction of a higher component on the blue side
of the carrier compared to that on the red side. The difference in dB between
these components increased with increasing current, suggesting an enhanced
blue chirp due to the faster recovery times. This difference was underestimated
with respect to the experimental behavior, suggesting that an additional phys-
ical phenomenon, possibly carrier heating as in bulk SOAs [117], remains to
be added.



Chapter 6

Conclusions and outlook

This thesis has concentrated on the study of microdisk lasers and semiconduc-
tor optical amplifiers that adopt quantum dots in their active regions, and
that operate in the 1.55 µm wavelength region. Because of the strongly
three-dimensional carrier confinement of quantum dots, the use of this ac-
tive medium provides unique characteristics not obtained with conventional
bulk or quantum well devices.

In this thesis, comprehensive studies, both theoretical and experimental
where possible, were carried out to explore the properties of the aforemen-
tioned devices. Simple modeling tools were developed aimed to gain insight
into the devices operation and facilitate their analysis and performance eval-
uation under different operation conditions or for different device parameters.
The main results obtained for each of the devices will be outlined and an
outlook on future research directions will be given.

Quantum-dot microdisk lasers

In this regard, a quasi-three-dimensional frequency-domain model was de-
veloped and implemented. The model allowed for the computation of the
lasing modes and their associated Q-factors. A thorough study of the mode
behavior in these types of MDLs showed that to enhance the performance of
the quantum-dot microdisk, in terms of the Q-factor, there is a trade-off be-
tween the microdisk dimensions and its modes wavelengths overlap with the
QD gain peaks. Yet, it is possible to engineer a quantum-dot gain medium
having ground and excited state transition peaks centered at the lasing wave-
length of the desired modes or to modify the number of QD layers to enhance
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the Q-factor and linewidth of the microdisk under study.

The analysis also exposed the size limitations of these devices. It was found
that higher-order modes with high Q-factors (∼ 2.4 × 104), and consequently
narrow linewidths (∼ 65 pm) propagating in the 1.55 µm wavelength region,
can be sustained in disks with a radius from 1.6 µm and a thickness of 200 nm.
This may be promising for optical interconnects, where low power consumption
and compact footprint is required [8], provided that QD-MDLs can be designed
or optimized to have enough output optical power.

The model results, intended for InP based QD-MDLs, showed to be com-
parable to recent characterizations of InAs quantum dots embedded in an
InGaAs quantum well. So far, the reported QD-MDLs operate in wavelengths
ranging from ∼520 nm [118] to ∼1300 nm [35]. Further research lines should
include the fabrication of MDLs with quantum dots operating in the 1.55 µm
wavelength region. This could also open the study of the plausible application
of these kinds of QD-MDLs for optical interconnect.

FDTD based numerical models are often used to simulate MDLs, however
they are often time-consuming and highly memory-consuming tool. The model
developed in this thesis, when implemented is highly computationally efficient,
offering a support tool to analyze and design any other kinds of microdisks as
long as the gain and induced refractive index of the medium are known.

Further improvements on the model include adding other decay mecha-
nisms, for example scattering losses at the disk edge or account for disk rough-
ness. New decay mechanisms can be characterized by their own Q-factor (Qi),
and added to the one computed in this work (Q), giving a total Q (QT ) of
Q−1

T = Q−1 + Q−1
i . In addition, the model could be improved by accounting

into the Q-factor estimation the losses due to the coupling of the field to the
waveguide.

Quantum-dot semiconductor optical amplifiers

A comprehensive experimental characterization of QD-SOAs based on an
InAs/InGaAsP/InP material system was performed, both in the static and
dynamic regimes of operation. The QD-SOAs under investigation were from
different origins, one being fabricated at COBRA Research School, and the
other being a commercial device from QD Laser Inc. Given that in the exper-
imental characterizations they showed similar behaviors, suggests that these
can be generalized for InAs/InP QD devices.
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In the static characterization, the ASE spectra and gain saturation charac-
teristics were addressed. The ASE spectra of this type of QD-SOAs exhibit one
wide peak unlike those with InAs quantum dots grown on GaAs substrates,
where the GS and ES contributions can clearly be distinguished. Further in-
vestigations are required in order to determine the differences between the
QDs of these two types of material systems. A large saturation output power
(up to 14.71 dBm for the commercial QD-SOA at 2 A) was observed as a
distinctive characteristic of QD-SOAs.

A pump-probe technique using pulsed pump and probe located at differ-
ent wavelengths was used to investigate the gain and phase dynamics of the
noncommercial QD-SOA. The gain dynamics were dominated by an ultra-
fast process while the phase showed a much slower recovery. This is also a
distinctive characteristic of QD-SOAs.

An impulse response formalism was used to characterize the recovery mech-
anisms of the gain and phase dynamics. Three recovery mechanisms, each with
a characteristic timescale, were identified. A slow timescale (100’s ps), related
to the wetting layer recovery, a fast timescale (10’s ps), related to the capture
of carriers into the dot, and a ultrafast timescale (1 ps), possibly related to
intradot relaxation. The dynamics of the slow and fast processes were found
to become faster with increasing current and to have an Auger dominated
recovery.

The analysis of the phase dynamics with the impulse response formalism,
suggested that independent α-factors exist for each of the recovery processes.
These α-factors had different behaviors as a function of current. Only the
one associated to the wetting layer recovery increased with increasing current.
The other two had a weak current dependence, and the three of them had a
weak power dependence.

Theoretical studies on QD-SOAs were performed and verified with the ex-
perimental characterizations. A simple two-level rate equation model based on
experimentally measured parameters was used to explain the gain saturation
characteristics and dynamical behavior of the QD-SOAs.

A simple model to describe the gain saturation characteristics was devel-
oped. An expression for the saturation power of QD-SOAs was provided. It
was shown that the saturation power of QD-SOAs is enhanced with respect
to that of bulk or quantum well amplifiers, by a factor that accounts for the
distributions of carriers among the quantum dots and wetting layer.

The two-level rate equation model proved to describe well the experimen-
tally observed gain dynamics of QD-SOAs, without the need of including an
extra energy level in the QD population. However, the phase dynamics seemed
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to require a more elaborated model to explain the experimental behavior. To
gain insight into how to improve the current rate equation model, which uses
a single α-factor, it is necessary to identify the physical mechanisms contribut-
ing to the QD-SOA gain and phase responses and to verify the existence of
different α-factors associated to them, as suggested by the impulse response
formalism applied to the phase dynamics characterization experiments.

An analytical solution to describe the recovery of the gain and the phase
of a single pulse propagating through the QD-SOA was proposed. From this
simple model it was possible to infer that a blue chirp enhancement is expected
for QD-SOAs due to their fast recovery rates.

The XGM and XPM effects experienced by a CW probe copropagating
with a high frequency pulse stream in the QD-SOA were also explored exper-
imentally and theoretically. The blue chirped components from the output
probe power spectrum were notably enhanced compared to the red compo-
nents. It was theoretically predicted that this is in part, a consequence of the
rapid recovery of QD-SOAs. However there seems that an additional physical
phenomenon is required to explain this enhancement, and the phase dynamics
observed experimentally. This requires further investigation. However, ac-
cording to previous studies on bulk SOAs, the inclusion of a carrier heating
contribution to the phase model may explain the discrepancies [117].

A simple model was used to describe some of the basic characteristics of
QD-SOAs. As simple as it is, it was successful in describing most of the ob-
served experimental behavior and it facilitated to gain insight into the device
operation. These types of models can be done with different levels of com-
plexity, but it was considered important to avoid the inclusion of uncertainties
in several unmeasurable parameters, if it was not necessary. Yet, the model
can be improved to account for dispersion effects, ASE noise, and physical
phenomena important for the propagation of shorter optical pulses than the
ones considered in this thesis (∼2.4 ps). This could extend the application
areas in which the model can be used.

There is still much to be understood about QD-SOAs, from fundamental
to application research. For example, there is little study about the QD-SOA
(operating at 1.55 µm) energy band structure and its engineering. These
types of studies could offer an understanding of how the wetting layer states
influence the QD states for a specific temperature and bias current conditions,
and also could lead to the improvement of QD-SOAs performance for system
applications, both in the linear and nonlinear regimes of operation. It was
observed that a larger separation energy between WL and QD states favors
the saturation output power of QD-SOAs, which is a useful characteristic
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for inline amplification. In addition, a larger separation energy between WL
and QD states was suggested to be related to their faster gain recovery with
increasing current, which can be exploited in high bit rate system applications
and is beneficial to diminish patterning effects.





Appendix A

On the Q-factor derivation

In general, the Q-factor of the microdisk laser cavity is defined as [54]

Q = ωi
E
P
, (A.1)

where ωi denotes the natural angular frequency of the i-th mode, E is the
energy stored in the cavity and P denotes the power loss.

The energy stored in the cavity is given by [54]

E =
1

4

∫

V
dV

(

|E|2 ∂ [ωRe (ε(ω))]

∂ω

∣

∣

∣

∣

ω=ωi

+ |H|2 ∂ [ωµ0]

∂ω

∣
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)

. (A.2)

The field E and H are computed using the approach described in Section 2.2.
The integration is over the volume of the active layer of the microdisk.

The power loss is given by [54]

P =
1

2

∮

S
Re (E × H∗) dS|ω=ωi

. (A.3)

Here the integral is taken over the surface of the active region of the laser.
Therefore, the Q-factor becomes

Q = ωi

∫

V dV

(

|E|2 ∂[ωRe(ε(ω))]
∂ω

∣

∣

∣

ω=ωi

+ |H|2 ∂[ωµ0]
∂ω

∣

∣

∣

ω=ωi

)

2
∮

S Re (E × H∗) dS|ω=ωi

. (A.4)

After several computations, one can simplify the Q-factor so it can be ex-
pressed only in terms of the solution of the one-dimensional Helmholtz equa-
tion (2.5), and in terms of the solution of the Bessel’s equation (2.6), as

Q =
A+B

−2(C −D)
, (A.5)
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where

A =

∫ R

0
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B = |k2
r;i|2

∫ 0
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|W |2dz
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|V |2rdr, (A.7)

C =
[

Re(−iWW ′∗)
∣

∣

z=−L
− Re(−iWW ′∗)

∣

∣

z=0

]

×
∫ R

0

( |kϕ|2
r2

|V |2 + |V ′|2
)

rdr,
(A.8)

and,

D = Re
(

iV ′V ∗ k2
r;i

∗
)

R
∣

∣

∣

r=R

∫ 0

−L
|W |2dz. (A.9)

In Eqs. (A.6)–(A.9) (·)′ denotes the derivative of the function and (·)∗ its
complex conjugate. R and L denote the radius and the thickness of the disk,
respectively.



Appendix B

On the derivation of k(ω)

The microdisk problem is addressed using a semiclassical approximation, de-
scribing the laser field classically and the gain medium quantum-mechanically.
This derivation is strongly based on the approaches by Yariv [57] and Chow
and Koch [61] used together in a consistent way so that one can properly intro-
duce the QD gain and carrier-induced refractive index into the model through
χtr(ω) included in the wavevector k(ω). In fact, in Eqs. (2.1) and (2.2) it is
necessary to specify k2(ω), which according to Eq. (2.16) is

k2(ω) =
ω2

c20
η2

b

[

1 +
χtr(ω)

η2
b

]

. (B.1)

In the absence of currents and magnetic displacements, the electromagnetic
field can be written as

−∇2E +

(

ηb

c0

)2 ∂2E

∂t2
= −µ0

∂2Ptr

∂t2
. (B.2)

The propagation of a plane electromagnetic wave is considered

E(z, t) =
1

2
îE(z)ei[ωt−(kz−ϕ(z))] + c.c., (B.3)

where î is a unit vector orthogonal to the z-direction, E(z) and ϕ(z) are the real
field amplitude and the phase shift that vary little in an optical wavelength
and e−ikz accounts for most of the spatial variation in the laser field. The
electric polarization in the medium induced by the laser field is

Ptr(z, t) =
1

2
îPtr(z)e

i[ωt−(kz−ϕ(z))] + c.c., (B.4)
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where Ptr(z) is a complex polarization amplitude that varies little in a wave-
length and is related to the complex susceptibility of the medium by

Ptr(z) = ε0χtr(z)E(z). (B.5)

Substituting Eqs. (B.3) and (B.4) into the wave equation (B.2), applying
the slowly varying envelope approximation and dividing by 2ik where k =
ωηb/c0 yields

dE

dz
+ iE

dϕ

dz
= −iµ0ω

2

2k
Ptr = − i

2

ω

c0ηb
χtrE. (B.6)

Decomposing χtr = χ′
tr − iχ′′

tr, and equating the real and imaginary parts,
one finds

dE

dz
= −1

2

ω

c0ηb
χ′′

trE, (B.7)

dϕ

dz
= −1

2

ω

c0ηb
χ′

tr. (B.8)

Now, given that the amplitude gain is defined as dE/dz = gE [61], it
follows that

g = −1

2

ω

c0ηb
χ′′

tr. (B.9)

The carrier-induced refractive index δη, can be found from the wavenumber
of the laser field given by Eq. (B.3)

k − dϕ

dz
= (ηb + δη) k0, (B.10)

since k = ηbk0, one finds that dϕ/dz = −k0δη, which compared to Eq. (B.8)
yields

δη =
1

2ηb
χ

′

tr. (B.11)

Now one can write an expression for k2(ω) in terms of the gain and carrier-
induced refractive index, using Eqs. (B.1), (B.9) and (B.11):

k2(ω) =
ω2

c20
η2

b

[

1 +
2

ηb
δη + i

2c0
ωηb

g

]

. (B.12)

Taking the square root of Eq. (B.12) defines the wavenumber in Eq. (2.16)
and relations in Eqs. (2.17) and (2.18).



Appendix C

Material gain equation

coefficients

Referring to Eq. (5.17) in Section 5.3. The coefficients ki, i =1, 2, 3, 4, 5 are:

k1 =
−2DWLρDτcapτsp +AJ(dq)−1τ2

sp −DDρDτcap (2τesc + V ρDτsp)

AV τsp
, (C.1)

k2 = vgdqDDρDτsp (4τcapτesc +BV τsp) , (C.2)

k3 = vgdqDDρDτsp [2dqDDρDτesc (τcap + V τsp) (4τcapτesc +BV τsp)

+AJτ2
sp (−4τcapτesc +BV τsp)

+2dqDWLρDτcapτsp {4τcapτesc + V (−ρDτcap + 6τesc) τsp}] ,
(C.3)

k4 = 4 (dqDDρDτesc)
2 (τcap + V τsp)

2 + τ2
sp (−2dqDWLρDτcap +AJτsp)

2

+ 4dqDDρDτescτsp {−AJτsp (τcap − V τsp) + 2dqDWLρDτcap (τcap + V τsp)} ,
(C.4)

and,

k5 = −vgDDρD (4τcapτesc +BV τsp)

AV
, (C.5)

where A = ρDτcap − 2τesc and B = ρDτcap + 2τesc have been used.





References

[1] H. Ishikawa, S. Watanabe, and H. Kuwatsuka, “Wavelength conversion
technologies for photonic network systems,” FUJITSU Sci. Tech. J.,
vol. 35(1), pp. 126–138, 1999.

[2] M. Asobe, Y. Nishida, O. Tadanaga, H. Miyazawa, and H. Suzuki,
“Wavelength conversion using quasi-phase matched LiNbO3 wave-
guides,” IEICE Trans. Electron., vol. E88C(3), pp. 335–341, 2005.

[3] G. P. Agrawal and N. K. Dutta, Semiconductor lasers. New York: Van
Nostrand Reinhold, 1995.

[4] S. L. Chuang, Physics of optoelectronic devices. Chichester: Wiley-
Interscience, 1999.

[5] Webpage of CIP Photonics. http://www.ciphotonics.com.

[6] M. T. Hill, H. J. S. Dorren, T. de Vries, X. J. M. Leijtens, J. H. den
Besten, B. Smalbrugge, Y. Oei, H. Binsma, G. D. Khoe, and M. K. Smit,
“A fast low-power optical memory based on couple micro-ring lasers,”
Nature, vol. 432(7014), pp. 206–209, 2004.

[7] J. van Campenhout, P. Rojo-Romeo, P. Regreny, C. Seassal, D. van
Thourhout, S. Verstuyft, L. D. Cioccio, J. M. Fedeli, C. Lagahe, and
R. Baets, “Electrically pumped InP-based microdisk lasers integrated
with a nanophotonic silicon-on-insulator waveguide circuit,” OSA Opt.
Express, vol. 15(11), pp. 6744–6749, 2007.

[8] D. van Thourhout, T. Spuesens, S. K. Selvaraja, L. Liu, G. Roelkens,
R. Kumar, G. Morthier, P. Rojo-Romeo, F. Mandorlo, P. Regreny,
O. Raz, C. Kopp, and L. Grenouillet, “Nanophotonic Devices for Optical
Interconnect,” IEEE J. Select. Topics in Quantum Electron., vol. 16(5),
pp. 1363–1375, 2010.



108 REFERENCES

[9] M. Sugawara, Self-assembled InGaAs/GaAs quantum dots. USA: Aca-
demic Press, 1999.

[10] Y. Arakawa and H. Sakaki, “Multidimensional quantum well laser and
temperature dependence of its threshold current,” Appl. Phys. Lett.,
vol. 40(11), pp. 939–941, 1982.

[11] M. Asada, Y. Miyamoto, and Y. Suematsu, “Gain and the threshold
of three-dimensional quantum-box lasers,” IEEE J. Quantum Electron.,
vol. 22(9), pp. 1915–1921, 1986.
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R. Nötzel, and H. Dorren, “Non-inverted multiple wavelength con-
verter at 40 Gbit/s using 1550 nm quantum dot SOA,” Electron. Lett.,
vol. 44(16), pp. 988–989, 2008.

[21] M. Sugawara, K. Mukai, Y. Nakata, and H. Ishikawa, “Effect of homo-
geneous broadening of optical gain on lasing spectra in self-assembled
InxGa1−xAs/GaAs quantum dot lasers,” Phys. Rev. B, vol. 61(11),
pp. 7595–7603, 2000.

[22] M. Sugawara, N. Hatori, T. Akiyama, Y. Nakata, and H. Ishikawa,
“Quantum-dot semiconductor optical amplifiers for high-bit-rate signal
processing over 40 Gbit/s,” Jpn. J. Appl. Phys., vol. 40(5B), pp. L488–
L491, 2001.
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