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Laser Sources and Nonlinear Optics Based on
Self-Assembled Quantum Dots

Alessio Tierno
University of Strathclyde

Abstract

This thesis describes an extensive study on the optical properties of

self-assembled quantum dots in lasers, amplifiers and passive devices.

Results on how to improve the coherence of broad area quantum dot
laser diodes are reported as well spectroscopic applications enabled

by tunable sources based on quantum dot material.

A new type of instability has been disclosed for some devices. The sce-
nario is investigated in detail. The results led to the conclusion that
pulsations in MHz range found can be interpreted as opto-thermal
ones similar to that reported for quantum well lasers. The mecha-
nism driving these pulsations is found to be changes in waveguiding

properties due to thermal lens.

A theoretical analysis is developed to study the nonlinear optical re-
sponse of self-assembled QD to cw driving via numerical simulations
of a spatially resolved rate equation model. The saturation behavior
is shown to follow a behavior in between the one for a dominantly ho-
mogeneously and inhomogeneously broadened medium. Self-lensing
is also investigated. The minimum focal length, predicted by the nu-
merical analysis, is of 1.7 mm for an input beam with 15 um radius

at a detuning of 1.1 inhomogeneous linewidths from gain center.

Then studies on the interaction strength between lasers and self-
assembled quantum dots are reported. Saturation of gain and ab-
sorption is found for the first time with continuous wave driving in
room temperature quantum dots and the correspective value are an-

alyzed.
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Chapter 1
Introduction

In this chapter, the background is introduced. This includes a brief introduction
to the development of quantum dots and quantum dot lasers. Advantages and
disadvantages of the latter are discussed as well as applications based on quantum
dot materials. The organization of this thesis is then given. It contains the

relevant results of each chapter.

1.1 Semiconductor laser

Laser emission was demonstrated in a semiconductor p-n junction for the first
time in 1962 H] Nowadays semiconductor lasers are the type of lasers that are
most commonly found outside scientific applications and research. They have
proven to be efficient, low cost, small, and reliable sources of laser light, that are
used in optical disc players (CD, DVD, Blue-ray), in optical data communication
(fast Internet connections over fiber optic cables), for medical applications, and
SO on.

The semiconductor laser has several advantages over other light sources and
lasers: it is highly efficient, the structure of the standard semiconductor laser
allows it to be as small as a few micrometers; this type of laser is known to be
highly reliable; only a small current source is necessary for the operation; and
due to the boom of the microchip industry the growth and processing of semicon-

ductor materials has become a standard technology that allows the production
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of hundreds of semiconductor lasers on one wafer, making them comparatively
cost-effective.

For a semiconductor diode the main component is the p-n junction, which
is a combination of two semiconductor materials: acceptors (atoms providing
holes, i.e. missing electrons, with increased mobility) are inserted into the p-
doped material, donors (atoms providing electrons with increased mobility) into
the n-doped material. Note that the doped materials are still electrically neutral.
The electrons are at first found in the valence band. If voltage of the correct
polarity is applied they are raised into the conduction band, leaving positively
charged holes behind. Both can then move freely through the semiconductor.
The p-n junction is responsible for the diode function, because it serves as a
conductor when voltage is applied in forward-bias direction and as an insulator
for reverse-bias direction.

As stated above the first working semiconductor laser consisted of nothing
more than a p-n junction. At the junction itself the free electrons and holes
recombine under the emission of photons when the voltage is applied in forward-
bias direction. The recombination energy is of the order of the band gap of the
semiconductor material. The p-n junction then serves as active medium of the
laser. Due to the diode function of the p-n junction semiconductor lasers are
also called laser diodes. A simple p-n junction does not form a very efficient
laser. A more efficient design was found to be the double heterostructure [2].
For this type of structure two different semiconductor materials with different
band gaps are combined. They form three layers on top of each other. The outer
layers consist of the material with the larger band gap, the central area of the
other semiconductor. The outer layers are p-, respectively n-doped, the center
is undoped. This results in a so-called p-i-n structure. At the points where the
materials meet energy discontinuities are formed which confine the free carriers
to the central layer. Thus a two-dimensional potential well for the carriers is
formed and the recombination only takes place in this layer. If the thickness
of the central layer is of the order of the de Broglie wavelength of the carriers
the energy states available for the carriers become discrete E] Such thin layers
are called quantum wells. In modern semiconductor laser designs quantum wells

are often used as active medium, because the reduction of the density of states
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results in higher quantum efficiency (conversion efficiency of carriers to photons)
and lower laser thresholds.

A typical double heterostructure laser diode design is shown in Fig. (1.1l The
electrical voltage is applied to top and bottom of the structure. The black area
in the center represents the active region. The left and right ends of the flat
structure are polished and due to the index step from semiconductor to air they

have a reflectivity of about 30%.

a) b)
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Figure 1.1: (a) Schematic drawing of an edge-emitting semiconductor laser (b) and
a vertical- cavity surface-emitting laser.

Thus they serve as resonator mirrors. The wafer, on which the semiconductor
materials are grown as thin layers, is cut into rectangles, typically between several
hundred micrometers and some millimeters in size. Due to the thinness of the
active layer the beam is elliptic and highly divergent in the vertical direction.
The selection of the semiconductor materials for the active region (commonly
combinations of elements from groups IIl and V, e.g. AlGaAs, InGaAs, GaN,
GaAsP) and their relative concentration selects the emission wavelength of the
diode. If the active medium consists of quantum wells the thickness of these also
affects the wavelength.

The threshold gain (gy,) of a semiconductor laser is given by


Introduction/IntroductionFigs/vcselandedge.eps

1.1 Semiconductor laser

9= [ozi +rin (}%H (L1)

where I' is the optical confinement factor, which represents the fractional
overlap between the optical mode and the gain material; «; is the internal loss
of the structure due to photon scattering within the cavity and any absorption
that does not return electrons and holes to the lasing transition; L is the cavity
length and R is the reflectivity of the facets.

1.1.1 Low dimensional semiconductors

It is possible to increase the kinetic energy of a particle in a direction via con-
finement of carrier motion along that direction by an amount inversely propor-
tional to the length scale of the confinement. When this energy becomes similar
to the carrier thermal energy (= 1/2k,T per degree of freedom), the effects of
quantum confinement can be observed. Typical values of electron effective mass
and working temperatures reveal that quantum confinement effects are observed
when the carriers are restricted to regions of a few nanometers. Semiconductor
heterostructure that contain a few nanometers of a narrow bandgap (Eg) semi-
conductor placed within a wider bandgap semiconductor provide ideal means of
investigating such effects.

The advent of epitaxial growth techniques as Molecular Beam Epitaxy (MBE)
ﬂi] has opened a way to realize thin films of material required for these studies.
Also, the quantum confinement results in a strong modification to the electronic
density of states (DOS). The density of states, defined as the number of available
electronics states per unit volume per unit energy at an energy E, control the
electronic and optical performance of a device. The DOS can be modified by
restricting the carrier motion in additional directions. Systems with confinement
in one, two and three directions are referred to as quantum wells, wires and
dots respectively. The evolution of the DOS is shown schematically in Fig. [1.2.
As the dimensionality of the structure reduces, the DOS continuum in the bulk
material breaks down in to sub-bands, for quantum well (QW) and quantum wire

structures.
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Figure 1.2: Evolution of the density of electronic states (DOS) as the dimensional-
ity of the confinement (system) is increased (reduced). In 2D and 1D
systems, the DOS breaks down into sub-bands. Free carrier motion is
still possible in the unconfined directions. In a quantum dot, discrete
electronic states are formed with no free carrier motion.

Since the onset of the first sub-band in a QW occurs at a higher energy than
the bulk Eg, injected carriers are not wasted filling up lower energy states in order
to reach the required DOS for lasing to occur. Therefore the threshold gain in
QW devices is able to be obtained at a lower carrier injection level than in bulk,
resulting in reduced threshold current densities.

In addition, as the dimensionality is decreased, the relative DOS at higher
energies decreases with respect to that at the sub-band edge. Hence the number
of available states into which carriers can be thermally excited decreases and this
should result in a greater thermal stability for laser devices.

Furthermore, the enhancement of the DOS at the band edge in structures of
reduced dimensionality is predicted to provide an increase in the available differ-
ential gain. Since the modulation bandwidth of a device is proportional to the
differential gain, devices containing low dimensional active regions are therefore
very attractive candidates for optical communication applications operating at

high modulation speeds.
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The ultimate case of quantum confinement corresponds to the formation of
a quantum dot (QD) H; 6]. Here the carrier motion is confined in all three
dimensions such that the sub-band structure of QWs and quantum wires is lost
and an atomic-like series of discrete states is produced. Before their physical
realization, it was predicted [7] that if an ensemble of identical QDs could be
incorporated into the active region of a laser diode, the temperature dependence
of the threshold current density (/;,) would be eliminated. This insight relies on
the QD states being well described by a delta function-like DOS,; with separations
that significantly exceed the thermal energy. In principle, an infinitely narrow
DOS results in all of the injected carriers recombining with an identical transition
energy. The absence of a sub-band continuum, into which carriers may be excited
as the temperature increases, eliminates higher energy parasitic recombination
and decreases the transparency current density at non-zero temperature. In 1982,
Arakawa and Sakaki @] produced the first experimental evidence that 3D carrier
confinement, provided in this case by a magnetic field applied perpendicular to
a QW laser, could reduce the temperature sensitivity of I;,. Furthermore, the
complete localization of the excitons within the QDs should, in theory, reduce
or eliminate their transfer to non-radiative centers in the surrounding matrix
material, thereby reducing the non-radiative component of I;,.

The threshold current, Iy, (7T) is given by the relation:

Ith(T) = [th(Tref)[eXp(T - Tref)/(TO)] (12)

where T is the active region temperature, T,..s is the reference temperature,
and Ty is the characteristic temperature, which is itself a function of temperature
and device length. In QDL Ty can be high, because one can effectively decou-
ple electron-phonon interaction by increasing the intersubband separation. This
leads to undiminished room-temperature performance without external thermal
stabilization. Also study of the T of quantum-dot (QD) laser diodes shows that
inhomogeneous broadeninE; and p-doping influence the QD lasers temperature

9.

dependence of threshold
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1.1.2 Self-assembled growth

The idea of producing semiconductor structures to provide three dimensional
confinement was initially thought to require lithography and etching of a planar
structure. This was until the self-assembly of small crystal islands was found:
InAs has a 7% strain mismatch with GaAs which means that In,Ga;_,As al-
loys grown on a GaAs substrate accumulate strain as they are deposited. Under
the correct growth conditions, InAs initially deposited on the growth surface will
form a compressively strained pseudomorphic wetting layer (WL). Further depo-
sition of InAs then increases the strain mismatch until coherent three dimensional
islands spontaneously form when the cost in energy for deforming the surface be-
comes lower than continuing to form the next planar layer. This is called the
Stranski-Krastanow @; ] growth mode.

Importantly, once the islands have been grown they must then be buried into
the host crystal; partly so that the islands can be integrated into bulk-crystal
heterostructure devices and also to isolate them from the deleterious effects of
surface states. Both the formation and burying (or capping) processes must be
controlled so as to keep the islands coherent with the host crystal and to control
the size, composition and strain state of the QD. When the island material grown
in the Stranski-Krastanow mode has a lower energy gap that its host matrix, a
potential well in all three spatial dimensions can be created in the band structure.
These islands are then called quantum dots (QDs) and can confine electrons
and/or holes, leading to localized states with well defined energies within the
energy gap of the host matrix. The energies of these states are controlled by the
size, shape, composition and strain-state of the QD. To decrease the energy of
the lowest state (the ground-state or GS) the QD must either be larger in size,
have a higher In composition or be under less compressive-strain from the host
crystal.

The resultant QDs are roughly lens or pyramidal-shaped and have sizes on the
order of a 20-30 nm per side square base and 5-10 nm height M] The shape and
composition of self-assembled quantum dots are properties quite demanding to

determine and often only available by indirect means. Precise knowledge of these



1.1 Semiconductor laser

parameters, ; @; @; ] on which optical and electrical properties depend, is

of major interest.

1.1.3 Inhomogeneous broadening

The self-assembly process discussed before is driven by random fluctuations dur-
ing growth and therefore unavoidably causes the positions of the QDs to be
random and gives a statistical spread in the size-distribution. The random po-
sitioning of the QDs is not important for laser devices, as the dimensions of the
device enclose enough QDs as to always be dealing with a representative en-
semble. However the latter effect causes inhomogeneous broadening (IB) of the

ensemble’s optical properties.

D(E) D(E)

Figure 1.3: (a) A schematic of an ideal QD system and, (b), a real QD system, where
inhomogeneous broadening is illustrated. (EGS: ground-state energy;
EES: excited-state energy; EC: the bottom of the conduction band).

Because of the way QDs are grown, there is a Gaussian distribution of sizes
with a corresponding Gaussian distribution of emission frequencies, Fig. [1.3.
These effects lead to inhomogeneous broadening. At cryogenic temperatures,

IB is several orders of magnitude wider than the transition linewidth [17; 18].
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Assuming that each QD is isolated from the rest, only QDs whose peak emis-
sion energy is separated from a laser mode by less than their homogeneous line-
width (in the region of 5-10 meV at room-temperature and increases for higher
carrier densities ]) are able to contribute to its oscillation having an inhomoge-
neous line-width that is greater than the homogeneous broadening will limit the
laser’s efficiency. Therefore growth recipes that result in lower inhomogeneous
broadening are desirable.

For quantum dots, typical value of homogeneous broadening of few peVs are
normally reported in the literature for low temperature ]

Increasing the temperature the value of homogeneous broadening increases.
At room temperature the rate between homogeneous and inhomogeneous broad-

ening is around 4, typical value of homogeneous broadening is on the order of

10-20 meV H; @] and inhomogeneous broadening around 40-60 meV.

1.1.4 Linewidth enhancement factor for quantum dot

Essentially due to noise from spontaneous emission into the resonator modes, a
free-running (not stabilized) single-frequency laser has a certain finite linewidth.
For simple cases, this fundamental limit for the linewidth was calculated by
Schawlow and Townes even before the first laser was experimentally demon-
strated. Whereas this limit was later shown to be closely approached by a number
of solid-state lasers, significantly higher linewidth values were measured for semi-
conductor lasers (laser diodes) even when the influence of technical noise was very
low. It was then later found by [23] that the increased linewidths result from a
coupling between intensity and phase noise, caused by a dependence of the re-
fractive index on the carrier density in the semiconductor. Henry introduced the
linewidth enhancement factor or a-factor to quantify this amplitude-phase cou-
pling mechanism; essentially, « is a proportionality factor relating phase changes
to changes of the amplitude gain. He then found that the linewidth should be
increased by a factor of (1 + a?), which turned out to be in reasonable agreement
with experimental data.

Apart from increasing the laser linewidth in continuous-wave operation, a

non-zero linewidth enhancement factor also causes a chirp when e.g. a laser is
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power modulated, or when an intense optical pulse passes an amplifier which
it saturates. Curiously, the amplitude-phase coupling related to the linewidth
enhancement factor can under certain circumstances (with frequency-dependent
loss) be used to reduce the linewidth even below the Schawlow-Townes limit.

This can be understood by taking into account the carriers not only of the
quantum dots themselves, but also in the wetting layer. There are also various
other subtle effects [24]. In general, the values reported for QD are between
a~1+2 ; ], although zero-factor has been reported [27] and also large
value of it are reported in literature [9)].

There are different methods for the measurement of the linewidth enhance-
ment factor. Most common are those based on recording the spectrum of Am-
plified Spontaneous Emission(ASE) for different excitation levels, on measuring
amplitude and phase modulation caused by a modulated drive current, pump-
probe measurements, and linewidth measurements. We consider the linewidth
enhancement factor defined as ]

27 dn/dN

X dg/dN (1.3)

o~
where n is the refractive index and g is the gain per unit length and N is the

carrier density.

1.2 Quantum Dot Lasers

A quantum dot laser (QDL) is a semiconductor laser that uses quantum dots as
the active laser medium. Quantum dot lasers acquired more importance after sig-
nificant progress in nanostructure growth in the 1990 such as the self-assembling
growth technique for InAs QDs. The first demonstration of a quantum dot laser
with low threshold density was reported in 1994 ] Room temperature QD
edge-emitting lasers, were demonstrated later on [30; H; @] and now match or
surpass quantum-well performance.

In the following paragraphs a review of advantages and disadvantages of QDL

laser is presented.
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1.2.1 Advantages of quantum dot lasers

The advantages in using quantum dot lasers compared to quantum well lasers
are several. A quantum dot laser emits at wavelengths determined by the energy
levels of the dots, rather than the band gap energy. Thus, they offer the possibility
of improved device performance and increased flexibility to adjust the wavelength.
They have the maximum material and differential gain, at least 2-3 orders higher
than QW lasers M]

Quantum-dot lasers (QDL) are expected to show a broader modulation band-
width @], higher temperature stability and lower power consumption than quantum-
well counterparts, primarily due to the discrete energy states of electrons and
holes under three-dimensional quantum confinement by quantum dots H g]

They show superior temperature stability of the threshold current ﬁg;] QD
lasers suppress the diffusion of non-equilibrium carriers, resulting in reduced leak-
age from the active region. Quantum-dot lasers operable at high pulse-repetition
rates are capable of reaching pulse energies that will allow modifying living cells,
e.g., making accurately controlled incisions in cell structures, while minimizing
the attendant effects on cellular environments.

Also forming high-density indium-arsenide (InAs) quantum dots on the sur-
face of a gallium-arsenide (GaAs) substrate, improves the laser’s operation speed
and enabling a significant improvement over previous technologies. This new
technology is expected to be employed next-generation high-speed data commu-
nications at 100 Gbps [37].

1.2.2 Limiting factors in quantum dot laser

Initial calculations of the expected performance of QD lasers assumed idealized
dots containing only one electron and one hole level and that all QDs in the laser
were identical. Real QDs contain multiple states, there are states external to the
QDs, there may be defect related and Auger non-radiative recombination and
the dots within an ensemble exhibit a significant distribution in size, shape and
composition. Hence an important question is how far from the ideal behavior a
QD laser will deviate.

11
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In order for QD lasers to compete with QW lasers, two major issues have to
be addressed: a large array of QDs has to be used because their active volume is
very small. An array of QDs with a narrow size distribution has to be produced
to reduce inhomogeneous broadening. Furthermore, that array has to be without
defects that degrade the optical emission by providing alternate non radiative
defect channels.

An other potential disadvantage of the highly localized nature of the states
of QDs is the phonon bottleneck E @ m Due to the fully quantized carrier
confinement in a QD, there is no wavevector (k) dispersion in any direction. In
higher dimensionality systems, carrier relaxation to the bottom of the respective
band can proceed via the emission of a series of single optical phonon, which
occurs very efficiently on a time scale of 100 fs per phonon, followed by slower
but still efficient acoustic phonon scattering. These processes are able to conserve
both energy and momentum. The lack of continuum states within QDs inhibits
such a process, it being very unlikely that the spacing between the discrete levels
exactly matches the LO phonon energy. Therefore it was predicted that the
carriers would remain trapped for several nanosecond in the higher energy states
and this mechanism was cited as an intrinsic reason for poor optical efficiency in
original studies of QDs.

Although a gain medium containing QQDs has the potential to offer simultane-
ously high differential gain and low transparency current density (.J,), a combina-
tion which can provide the lowest (Jy,) at any cavity length, the full extent of this
advantage can never be realized in practice. The material gain (g,q;) obtainable
from the ground state (GS) transition of a single QD is inversely proportional to
the homogeneous broadening of the transition. However the gain produced by
a single QD is very small and hence in order to produce a total (g.:) able to
overcome the losses of a typical laser cavity a high density array of QDs must be
produced.

The self-assembly technique, which was discussed in paragraph 1.1.3, is able
to produce a high density ensemble of QDs, with densities as high as 5—10%m™2
possible, but suffers from the fact that there are intrinsic fluctuations in the QD
size, shape and composition, which results in an inhomogeneous broadening of

the optical transitions (typically of the order of 40-60 meV). This inhomogeneous

12
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broadening smears out the DOS intrinsic to a single QD and is the dominant
contribution to the emission linewidth, even in highly uniform ensembles of QDs
di] In such an in homogeneously broadened system, the peak DOS and therefore
the lasing energy, corresponds to the most probable size of QD in the array. For a
QD ensemble of fixed in-plane QD density, any inhomogeneous broadening leads
to a reduction in the peak DOS, resulting in lower saturated and differential gain.
Although careful optimization of the growth conditions may reduce the dee of
42].

The existence and population of excited QD states is also detrimental to

inhomogeneous broadening it appears difficult to reduce it below 15 meV

device performance. Any population of excited states reflects wasted carriers
which results directly in an increased threshold current density. In addition,
since the saturated and differential gain is proportional to the degeneracy of the
state involved in the lasing, any thermal occupation of these states may result in a
switch from GS lasing to ES1 lasing or even the second excited state (ES2) lasing
with increasing injection current or temperature. The population of excited states
has also been correlated with an increase in the non-radiative current density, due
to the greater number of non radiative channels being accessible via these states
43).

Another factor that affects the performance of a QD laser is that, particularly
at low temperatures, there may not be a thermal distribution of carriers within
the QD ensemble. For example, the transition from a non-thermal to a thermal
distribution is believed to cause the widely reported decrease of J;;, with increasing
temperature between 6 K and 200 K, observed in nearly all QD lasers @]

At low temperatures electrons and holes recombine within the QD into which
they are initially captured and hence the whole ensemble contributes to the emis-
sion, carriers in different QDs are effectively isolated from each other. As the
temperature is raised the thermally induced transfer of carriers from QDs with
shallower confinement to more deeply confining QDs is able to narrow the gain
spectrum and consequently reduce Jy.

The spectral form of the lasing emission is also determined by the carrier dis-
tribution within the inhomogeneously broadened QD states, i.e. the temperature.
At low temperatures, when carrier transfer between QDs is effectively suppressed,

the lasing emission consists of a broad, multimode lasing spectrum [45].
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On increasing the injection further above Jy;, additional lasing modes appear.
This behavior results because there is no global clamping of the carrier density
and QDs that initially are not lasing at threshold are able to continue to increase
their carrier density until they reach lasing. At higher temperatures this process
is suppressed once thermal distribution within the ensembles is achieved.

Above 200 K, J;;, is typically observed to increase slowly with temperature
until an onset temperature is reached, between 250 and 300 K, above which .J;,
increases relatively rapidly. In general, the temperature at which this onset occurs
decreases with increasing threshold gain (increasing cavity loss). It has therefore
been suggested that the degradation of Jy;, at high temperature originates mostly
from the thermal population of the excited states, since the Fermi level increases
with increasing threshold gain.

The predicted advantages of incorporating QDs as the active region in op-
toelectronic devices and the promising aspects of self-assembled quantum dots
have stimulated intense activity. Devices incorporating quantum dots have been
demonstrated and some improvements over QW devices have been achieved.

Threshold currents as low as 25 Acm? have been reported for QD lasers [46]
but the characteristic temperature 7j are found to vary from 50-100 K.

There is a consensus that the full potential of zero-dimensionality is yet to be
realized in real devices due to the broad inhomogeneous line-widths and rather
low dot densities (~10' c¢m?). In a laser, for example, a sufficient number of
dots is required to emit at the operating wavelength to prevent gain saturation.
This could in principle be achieved by an improvement in the uniformity of the
quantum dot distribution for a narrow emission range, an increase in the dot
density or by utilizing multiple stacked QD layers. Alternatively, a micro-cavity
structure can be designed to enhance the emission at the desired wavelength

whilst suppressing unwanted emission.

1.3 Typical structure

A typical state-of-the art quantum dot layer structure is show in Fig. 1.4l The
quantum-dot material, normally used, consists of 10 layers of In(,)Ga_,)As on

GaAs substrate. This material is grown by molecular beam epitaxy.

14
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Layer Structure Specification

Product | |
Layer Material Group Repeat Mole fraction (x) Thickness Doping profile Type Dopant
start finish (nm) start finish

14 |GaAs 200 1e20 P C
13 |AIx)Ga(l-x)As 0.35 0 20 3el8 P C
12 |Alx)Ga (l-x)As 0.35 1000 lel8 P C
11 JAIX)Ga (-x)As 0.35 500 Sel? P C
8 GaAs 1 10 33 U/D None
7 hx)Ga(l-x)As 1 10 0.5 5 U /D None
6 hAs 1 10 0.8 U/D None
5 |GaAs 33 u/D None
4 |AIx)Ga(l-x)As 0.35 500 Sel? N Si
3 |AIx)Ga(l-x)As 0.35 1000 lel8 N Si
2 |AIx)Ga(l-x)As 0 0.35 20 3el8 N Si
1 GahAs 500 3el8 N Si
0 GaAs substate N+ GaAs 3 fach

Figure 1.4: Layer structure specification

The exact layer composition of typical material is shown in Fig. 1.4

1.4 Applications of quantum dots

InGaAs quantum dot (QD) lasers are an important material especially because
they are filling the gap between 1100 nm and 1300 nm over the InGaAsP, opening
new perspectives for a variety of applications, see Fig [1.5. The quest for QD
devices with uncooled operation over a large temperature range, high efficiency
and temperature stability still continues. An additional advantage offered by
InAs/GaAs QDs is the possibility of achieving longer wavelength emission than
that possible from strained InGaAs/GaAs Quantum Wells.

It is also, important to notice that the wavelength range covered by their
second-harmonic radiation lies in the yellow. Coherent light sources from grating-
coupled external cavity lasers are important for laser spectroscopy [47], interfer-
ometry [48] and so on. The light sources are also important for optical coherence
tomography measurement [49; &] and in wavelength division multiplexing sys-
tems. Quantum dot external cavity can be used for absorption spectroscopy as

well.
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Figure 1.5: Wavelength coverage of laser diodes of different types and materials.
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Figure 1.6: Wavelength dependence of the attenuation and material dispersion coef-
ficient of silica-glass fibers, indicating three wavelengths at which fiber-
optics communication systems typically operate: 0.87, 1,3 and 1.5 pm.

In 1994 it was shown that emission wavelengths up to 1.3 um could be attained

from InAs/GaAs QDs &] At 1.3 pm there is a local minimum in absorption and
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1.4 Applications of quantum dots

zero dispersion in standard silica optical fibers used for high speed data transfer,
as shown in Fig.[1.6. A minimum of absorption is also located at 1.55 um. Devices
operating at these wavelengths are currently fabricated on InP substrates to serve
both metro and long haul telecommunication applications.

However, there is an increasing demand for the manufacture of devices on
GaAs substrates operating over the 1.2-1.6 um telecoms window.

A 1.3 pm QD laser Q]
pm QD VCSEL has been also demonstrated [52]. It has also been demonstrated

that the properties unique to QDs may prove useful for many other applications.

was realized in 1998 and pulsed operation of a 1.3

The broad inhomogeneous emission line-widths associated with self assembly may
be utilized in broadband semiconductor optical amplifiers (SOAs) and in tunable
lasers ] The polarization insensitivity of QDs may also be an advantage in pho-
todectors [54]. In addition, the discrete electronic structure of QDs may provide
a convenient single-photon source desired for quantum computation applications
5.

An individual quantum dot has the capability of trapping individual electrons
or holes and it might be possible to exploit this as a memory element with a bit
represented by a single electron in a single quantum dot. For this to succeed, it
is necessary that the storage time is long enough to be practical.

There is a pressing need in quantum cryptography for a single photon source.
Quantum cryptography uses either the phase or the polarization of single photons
as the means of communication and can achieve almost totally secure transmission
@] The basic idea is that the sender rotates his basis randomly, making it
impossible for an eavesdropper to detect a photon and accurately to recreate it.
For this technology to become viable, a single photon emitter is required. In
prototype systems, a highly attenuated laser pulse is used as the source, but this
is both inefficient as the majority of pulses are empty, and insecure, as a fraction of
the pulses contain two photons. A source consisting of a single quantum dot can in
principle overcome these limitations. The advantage of quantum dots over single
molecules for these applications is that quantum dots, unlike single molecules, do
not suffer from photo-bleaching, although progress has recently been made in the
preparation of single molecules by embedding terrylene molecules in a p-terphenyl

molecular crystal.
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Also the efficiency of solar cells could be increased to more than 60% from the
current limit of just 30%, capturing higher-energy sunlight that is normally lost
as heat in conventional devices using semiconductor nanocrystals, or quantum
dots [57]. This is because in typical devices, photons with energies above the
semiconductor’s bandgap generate "hot” charge carriers (electrons and holes)
that quickly cool to the band edges in a matter of just picoseconds, releasing
phonons. If the energy of these hot electrons could be captured before it is
converted into wasted heat, solar-to-electric power-conversion efficiencies could

be increased to as high as 66%.

1.5 Thesis Outline

This thesis is organized in the following way.

Chapter two introduces how quantum dot lasers can be used as tunable
sources. Following a characterization of broad-area laser devices the chapter de-
scribes first study on the improvement of the coherence of a broad area laser based
on quantum dots ] After that the characterization of small area QDL diode
is given. The tunable source is used in a spectroscopic setup for photocurrent
measurement in low dimensional samples for Terahertz application [59].

Chapter three report study on self-sustained pulsations in the output of an
InAs quantum dot laser diode in the MHz range. A novel type of instability
is disclosed. The characteristics (shape, range and frequency) are presented for
the free running laser and when optical feedback in the Littrow configuration
is applied @; 61; @] The frequency resolved optical spectra reveal different
envelope shifts between the two cases related to a change of phase-amplitude
coupling across the gain maximum in agreement with the expectation for a two
level system. The time scale and bifurcation scenario suggest that these are
opto-thermal pulsation similar to those reported in quantum well amplifiers ]
Bistability in the light-current characteristics is observed for wavelengths smaller
than the gain peak (A = 1225 nm), but it is not present for wavelength above
the gain peak and for the free running lasers. The pulses in the beam wings are
square-like where the ones in the center have a characteristic initial overshoot.

This indicates that initially emission is more concentrated in the center and that
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1.5 Thesis Outline

a thermal change in waveguiding properties induces these oscillation. A novel
mechanism for opto-thermal pulsations is given [60].

Chapter four is a theoretically investigation and numerical modeling on satu-
ration behavior and self-lensing in self-assembled quantum dot under continuous
wave driving (cw) [64]. In this chapter, starting from a previous model [28] we ex-
ploit the nonlinear optical response of QD to cw driving via numerical simulations
of a spatially resolved rate equation model. Self-lensing is suggested to probe the
refractive index nonlinearities and to open a complementary way of characterizing
phase-amplitude coupling (a-factor) in QD samples. For conservative assump-
tions on current samples the minimum focal length is predicted to be +1.7 mm for
an input beam with 15 ym radius at a detuning of 1.1 inhomogeneous linewidths
from gain center.

Chapter five report study on the interaction strength information between
laser and self assembled quantum dot, as a function of power in the form of
the absorption coefficient and gain. Our analysis is concentrated on continuous
wave (cw) beam interacting on quantum dot structure. Several setups have been
arranged and relevant result are presented regarding saturation of absorption and
gain E’H] Also a possibly nonlinear index shift is discussed in InAs and InAlAs
quantum dot experimentally.

A final conclusion of the presented work in this thesis is drawn in Chapter

six. Major results are summarized.
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Chapter 2

Tunable Source based on

Quantum Dots

2.1 Introduction

Lasers and amplifiers based on semiconductor quantum dots (QD) have devel-
oped tremendously over the last years ﬁ& H InAs QD not only bridge the gap
between highly strained InGaAs quantum well material (reaching about 1100-
1200 nm) and the well established InP technology for telecommunication lasers
(starting roughly with the O-band at 1260 nm), but extend well into the telecom-
munication regime thus providin i an alternative to InP lasers based on the ben-

27; 36: 68; 69; 70]

In this chapter an investigation on coherence improvement, and the applica-

eficial GaAs material systems [2

tion of a tunable source based on quantum dots is reported.

2.2 Temperature behavior of QDL

2.2.1 Background information

For laser performance is important to asset how QDL behave as function of

temperature.
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2.2 Temperature behavior of QDL

Quantum well lasers, based on InGaAs(P)/InP over the wavelength range 1.3-
1.6 pm, suffer from poor temperature stability H] and there is a demand for a
new generation of low-threshold, fast, and temperature insensitive semiconductor
lasers emitting at 1.3-1.55 um for optical telecommunication systems.

Quantum dot (QD) lasers appeared as ideal candidates for temperature (T)
insensitive operation after Arakawa suggested that their threshold currents would
be temperature insensitive, or in other words have an infinite Ty [8].

In reality QD lasers are not as temperature stable as originally anticipated.
Current state-of-the-art 1.3 pm quantum dot lasers reported in the literature
shows that even when low threshold current densities can be achieved in quan-
tum dot lasers, it is at the expense of a low Ty. A high Ty can only be achieved at
the expense of high threshold current densities. For that reason it was proposed
d%] that p-doping would greatly enhance the properties of 1.3 ym InAs/GaAs
quantum dot lasers. Results have been published since then M; 73; E; H] show-
ing that p-doped quantum dot lasers can indeed exhibit temperature insensitive
I;;, but this is usually at the expense of comparatively high threshold current den-
sities. Furthermore, at high temperatures (typically 330 K) the Ty of p-doped
devices drops to values similar to that of undoped devices E; 73].

In conclusion, temperature insensitive threshold current can be achieved in
1.3 um InAs/GaAs QD lasers by using p-doping. However this is only possible
over a limited temperature range and at the expense of relatively large threshold

currents [76].

2.2.2 Spontaneous emission spectra

The spontaneous emission is the dominat process below the laser threshold. Pho-
toluminescence spectroscopy has perhaps been the most extensively used charac-
terization tool for self assembled quantum dots for the ease of the measurement,
the information it yields about the extent of quantum confinement and inho-
mogeneous broadening of the density of states, and its very direct relevance in
assessing the use of these structures in QD lasers.

This motivates the study how the diode behave as function of temperature

for the spontaneous emission and the lasing operation.
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2.2 Temperature behavior of QDL

The QDL used is from Innolume GmbH, has a length of L = 1.5 mm and a
stripe width of w = 100 pm. The facets are not coated. The layer structure is
similar to Fig. 1.4, It contains 10 layer of InAs QD in a GaAs matrix substrate.

The temperature is controlled by a Peltier element. The laser diode is mounted
asymmetrically on a 4 mm long C-mount. The QDL can emit in both direction

of propagation along the emission axis.
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Figure 2.1: Spontaneous emission spectra at: (a) T = 10 °C, (b) T =24 °C, (¢) T
=39°C, (d) T =53 °C, inset of (d) T = 73 °C for increasing current.

The spontaneous emission spectrum has been taken, for five different temper-
ature, as function of wavelength for different current level, Fig. 2.1(a-d). The
spontaneous emission spectra are broadband and appear peaks more pronounced
increasing current. From the same set of temperature there is no shift of the
whole photoluminescence spectra increasing the current.

Increasing the temperature a shift toward higher wavelength is evident, Fig. 2.1(a-
d). At 10 °C the spontaneous emission is centered around A = 1240 nm, Fig.2.1(a),
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2.2 Temperature behavior of QDL

to increase up to A = 1260 nm at T= 53 °C, Fig. 2.1(d). At even higher tem-
perature, inset of Fig.[2.1(d), no detectable spontaneous emission appears. At
higher temperature (T= 53 °C and at T= 73 °C) some spike at low wavelength
(A = 1200 nm) appear more pronounced. Increasing the temperature the spon-
taneous emission spectra become more noisy, Fig. 2.1(a-d).

The peaks present in the spontaneous emission spectra are probably the emis-
sion mode of the diode but maybe they are also due to the small single mode fiber
used for the recording and hence the low light present inside the optical spectrum
analyzer.

The area below the curve has been calculated for different temperatures as
function of the current, Fig. The area is related to the energy hence it is an
important information to have. The area has a linear dependence with current,
as expected. Increasing the temperature the area of the spontaneous emission

spectra becomes smaller.
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Figure 2.2: Area below the photoluminescence intensity curve as function of the
current for different temperatures.

Fig.'2.3Ishows, for several temperatures and fixed current, in that case I = 160 mA,
the spontaneous emission spectra as function of wavelength.

The peak of the spontaneous emission spectra has been isolated, see inset of
Fig.2.3. The inset of Fig.[2.3]shows that from T = 20 °C until T = 40 °C there is
no shift with temperature of the PL. Then there is this an abrupt shift increasing

temperature to a wavelength of A\ = 1255 nm. The linear fit of temperature as
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Figure 2.3: Variation of the spectra as function of the temperature for fixed current
I= 160 mA , inset linear fit of the variation in wavelength as function of
temperature.

function of wavelength shows a shift of 0.5 nm/°C about two times the normal

value given for quantum well of 0.2-0.3 nm/°C.

2.2.3 Lasing spectra

Once having analyzed the behavior of the laser below threshold it is important
to characterize the lasing emission spectra.

Fig.[2.4(a) gives an indication of the behavior in power, detected with a power
meter, as function of current for several temperature. Increasing the temperature
we see that the threshold of the laser increases, inset of Fig.[2.4 (b). The minimum
threshold is I = 190 mA at T = 7°C and increases to I = 500 mA at T = 57°C.
The graph of Fig. 2.4 (b) and the inset show how the threshold current density
and threshold varies as function of temperature. From the the graph of Fig. 2.4]
is possible to infer the characteristic temperature Ty of our devices.

The characteristic temperature Ty is defined by Iy, = Iy x exp (1'/Ty) where
T is the temperature and [ is the threshold current as T approaches 0 K. From
the coefficient of the fit Ty has been calculated. We have Ty = 50 K in our case

in agreement with the previous cited literature on quantum well lasers [40].
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Figure 2.4: a) Power detected as function of current injected for increasing tempera-
ture (b) QDL threshold current density as function of the temperature,
inset threshold as function of current.
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Figure 2.5: Lasing emission spectra as function of wavelength for different tempera-
ture, inset data and linear fit of the variation in wavelength as function
of temperature.

Fig. 2.5 shows how the lasing spectra develop as function of temperature. The
laser spectra is composed of several peaks with a separation between peaks below
the resolution of our optical spectrum analyzer (OSA) of 0.07 nm.

Fig. (2.5 shows a red-shift of the emission wavelength increasing the tempera-
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2.2 Temperature behavior of QDL

ture. Starting from A = 1237 nm at T = 9.2°C the spectra constantly red shift
increasing the temperature. At T = 53°C the central emission is A = 1262 nm.
A linear fit on the center of the spectra has been made to see how this shifts
as function of the temperature (inset of Fig.[2.5). The data give a red-shift of
0.53 nm/°C. This is in agreement with value reported in literature ]

2.2.4 Divergence behavior

The measurement of the beam divergence of a quantum dot laser (QDL) diode is
important because from that is possible to infer indirectly the size of the active
area of the laser. Also is important to have this information to estimate the

coupling efficiency and the beam parameter for applications in external cavity.
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Figure 2.6: (a) Measured beam radius in slow (horizontal) on a linear fit (straight
line) (b) Measured beam radius vertical (points) on a linear fit (straight
line).

The measurement are made by putting an InGaAs Camera at various distances
from the laser. The camera (Hamamatsu C 8061-01) is an image sensor with an
active area of (12.8x0.25) mm. It is made of 512 pixel and each pixel is 25 pm
wide. Due to the fact that the camera saturates easily we put a filter to prevent

saturation. The filter not only attenuates the beam but changes also the beam
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2.2 Temperature behavior of QDL

path due to the refractive index. The data presented in Fig. are corrected for
this.

The divergence angle of the beam can be determined increasing the distance
between camera and QDL and taking a picture for each distance setting. Fig.[2.6|
shows how the beam radius changes as function of the distance from the laser
facet. Once the beam profile is taken we fit to a Gaussian to obtain the beam
radius at 1/e? intensity. The data of Fig. 2.6 show a linear dependence, as
expected since the distance from the camera to the laser is much bigger than
the Rayleigh length of the beam, Fig. In this case a linear fit gives the
divergence of the beam and the beam waist can be obtained from the formula:
wo = A/(70), ref. Fig.

From the fit the coefficient for the fast axis can be obtained 6 = 66.9° and so
wo = 0.68 pm.

Figure 2.7: Gaussian beam width w(z) as a function of the axial distance z. wy:
beam waist; b: depth of focus; zr: Rayleigh range; 0: total angular
spread

The same measurement were taken for the slow axis direction of the beam
tilting the camera of an angle of 90°. From the fit in Fig. [2.6(b), we find the
relevant parameter for the measurement of the beam divergence in the vertical
direction to be: § = 12.3° and wy = 3.67 pm.
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2.3 Narrow band light source based on QDL

Due to the inhomogeneous broadening and the coexistence of ground state and
excited state emission, quantum dot lasers have a good potential for widely tun-
able laser H] and/or for mode-locking ﬁ%; %] providing some advantage over the
alternative approach to approach this spectral region using InGaNAs quantum
; 81].

Indeed tuning in excess of 80 and 160 nm was demonstrated in the 1.1 ym @]
and 1.5 pm range ﬁg; @] though in the latter case under pulsed conditions and

with a rather low output power. The record result seems to be a tuning range of

well material

201 nm extending from 1033 to 1234 nm @] but the emission linewidth seems
to be rather large. More detailed investigations concentrating on the 1230 nm
range also do not report data on emission linewidths in the grating controlled
regime ] Single-frequency, narrow-linewidth operation of quantum dot lasers
with reasonable power levels (about 10 mW) is achieved using the distributed-
feedback approach (e.g., M; é?]) Tunability is limited, however.

A lot of research on device optimization in the 1200-1300 nm regime concen-
trated on high-power broad-area lasers ; @; @; ] having however a rather
low temporal and spatial coherence. Motivated by the success in improving the
coherence of broad-area diodes in the near infrared range of the spectrum (670-
980 nm) @; ; ], it appears naturally to investigate the performance of QDL
in external cavities. We present here first studies on using these lasers for pro-
ducing tunable, fairly high power emission laser emission below and at the edge
of the O-band where no well established commercial lasers are offered. Appli-
cations for low bandwidth — though not necessarily single-frequency — sources
include medical applications, sensors, second-harmonic generation to bright red
wavelengths in the wavelength range of the HeNe laser and — actually our current

interest — nonlinear optics of quantum dot materials.

2.3.1 Littrow and Littman configuration

Two common configurations are used to realize frequency-selective feedback, as
shown in Fig[2.8. The first possible is the Littrow configuration @], Fig (a).
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2.3 Narrow band light source based on QDL

Here the first order of the beam reflected from the grating is directed back into
the laser diode.

The other one is the Littmann-Metcalf configuration @], Fig2.8 b) it consists
of the grating and an additional mirror. The beam coming from the QD is

reflected by the grating onto the mirror and back to the laser via the grating.

) output
mirror ~ i

LD \ & diffraction | \ diffraction
grating grating
a) Littrow configuration b) Littman-Metcalf configuration

Figure 2.8: (a) Littrow configuration, (b) Littmann-Metcalf configuration

The double-pass increases the frequency-resolution of the feedback. Tilting
the mirror changes the feedback frequency. These feedback configurations are
commonly used to tune edge emitting laser diodes over a wide wavelength range
93; 94], e.g. for spectroscopic applications [95]. Tunable semiconductor lasers
with high output power using one of these configurations are commercially avail-

able nowadays.

2.3.2 Experimental Setup

The experimental setup is illustrated in Fig. 2.9. Feedback is provided to the
facet which is positioned at the edge of the C-mount (apposite mounting for the
diode). The design of the external cavity follows the scheme proposed in &; @]
though we are using a Littman configuration. A Littrow scheme was tested also
yielding higher threshold reduction, which is in accordance with expectation, but
the frequency selectivity was found to be insufficient. The emission in the fast axis
is nearly collimated using an aspherical lens (FAC) of 0.9 mm focal length and
numerical aperture NA = (0.8. Since its alignment is critical, the FAC is mounted

on a translation stage that can control all five alignment degrees of freedom of
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2.3 Narrow band light source based on QDL

the lens. After this, there is a telescope-like system made by two lenses with focal

PD osa

— ] , SFP

DG L2 L1 FAC C

- o
!

DL o
U OOL—5s 7Bs= M
0° T
M

Figure 2.9: Experimental Setup: M mirror, DG diffraction grating, lenses: L1
(f =35 mm), L2 (f =200 mm) lenses, FAC fast axis collimator (cylin-
drical, aspherical lens with f = 0.9 mm), C aspherical collimator (f =8
mm), QDL quantum dot laser, BS beam sampler, PD photo diode, OSA
optical spectrum analyzer, Ol optical isolator, SF scanning Fabry Perot
interferometer.

lengths of f = 35 mm and f = 200 mm, respectively. Their exact distance is
adjusted such that the frequency selectivity of the setup is optimized. A plane
ruled diffraction grating with 1200 lines/mm is arranged at an angle © = 70°
with respect to the incoming beam. The diffraction efficiency of the grating in
the first order is 93%. The beam from the first diffraction order is retro-reflected
by a highly reflective mirror. The distance between the two lenses L1 and L2
is approximately equal to the distance between the last lens L2 and the mirror.
The latter distance is found to be a critical parameter in order to achieve low
bandwidth operation. The total cavity length is about 270 mm.

For detection, the other facet of the laser diode is used. Since it is recessed
from the edge of the C-mount by 2.5 mm, the mounting blocks some part of the
output (actually it reflects it upwards). Due to the fact that the mode structure in
the vertical (fast) direction is given by the waveguide of the diode, it is expected
that the properties of the upper and the lower part of the beam are the same
and that the results obtained by detecting only half of it are meaningful. A

photodiode is used to monitor a signal proportional to the total output power.
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2.3 Narrow band light source based on QDL

The optical spectrum is measured by a commercial fiber coupled optical spectrum
analyzer (Agilent 86140) with a nominal resolution of 0.07 nm. The main beam
is sent to a plane-plane scanning Fabry-Perot interferometer (SFP) with a free
spectral range of 125 GHz and a resolution of 2 GHz (Finesse F' = 63; mirror
reflectivity 95%). An optical isolator is put in the path of the beam to prevent
back reflection from the SFP.

2.3.3 Results and Discussion

The absolute output power is measured with a calibrated power meter after the
collimator C. Fig.[2.10/ shows light-current (LI) characteristics of the diode with
and without feedback.
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Figure 2.10: Output power as function of the injection current. The upper line
corresponds to the laser with feedback, the lower line to the free-running
laser. The arrow indicates the limit in which the spectrum of the laser
with feedback remains single-humped.

The upper line indicates the power in the feedback configuration whereas the

lower one is that of the free running laser. Due to the partial blocking of the
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output beam by the mount, the real power level is roughly double the measured
one.

In both cases the LI-characteristic is linear in a good approximation. The
threshold current(l;;, ) of the laser with feedback is reduced to I = 170 mA
compared to I = 195 mA for the free-running diode. The increase of slope of the
LI-curve with feedback is due to the reduced losses at the other facet. The arrow
indicates where the spectra show a transition from a single hump to multiple
ones. This means that we can achieve a fairly high power (about 140 mW) with
low-bandwidth (see below).
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Figure 2.11: Spectra obtained with the OSA for 200, 300, 400, 600 mA injection
current. The narrow peak corresponds to the laser with feedback, the
broad spectrum to the free-running laser.

Careful transverse and longitudinal alignment of the FAC and of L1 and L2

lead to the narrow linewidth emission results shown in Fig.[2.11. Fig. 2.11 com-

pares the spectra of the free-running laser and of the laser with feedback at
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2.3 Narrow band light source based on QDL

different current levels. The free-running laser has a spectral width of 0A = 3 nm
at I = 200 mA, increasing to A = 4 nm at [ = 300 mA and to 7 nm at
I = 600 mA. The spikes within the envelope are separated by either 0.15 nm
or by 0.3 nm which correspond to one or two free spectral ranges of the diode
(being 0.15 nm), i.e. they represent longitudinal modes. Below I = 350 mA, the
envelope is single-humped but it becomes double-humped above.

Instead, for the laser with feedback, we have, according to Fig. [2.11} narrow
bandwidth emission with a linewidth (FWHM) that varies from 0.07 nm (the
resolution of the spectrometer) for I = 200 mA to 0.5 nm for I = 600 mA.
This means that at low currents essentially only one longitudinal mode of the
diode is excited though the laser is operating on multiple longitudinal modes of
the external cavity, of course. Due to the broad-area gain region, also multiple

transverse modes are still active. In order to get a better frequency resolution,
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Figure 2.12: Spectra obtained with SFP for 200, 300, 400, 600 mA injection current.

the scanning Fabry-Perot interferometer was used to analyze spectral bandwidth

of the laser. Figure[2.12 shows four spectra for injection currents of 200, 300, 400,
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2.3 Narrow band light source based on QDL

600 mA. This spectra were taken at a different time than the ones in Fig. [2.11.
For I = 200 mA we have a spectrum with a width of 5.8 GHz or dA = 0.03 nm
which corresponds to an improvement with respect to the free-running laser of
more than one hundred times at that current. Increasing the current, the spectra
tend to broaden and acquire some background. For I = 600 mA the measured
width is 9.7 GHz. The overall spectral behavior does not change qualitatively up
to an injection current of 600 mA. Beyond this current, additional peaks appear

in the spectrum.

1=340mA
7k

Intensity (arb.un.)

0
1230 1235 1240 1245 1250 1255
wavelength (nm)

Figure 2.13: Tuning range of the laser with feedback starting at 1235 nm and ending
at 1255 nm. The spectra are taken with the OSA at I = 340 mA by
manually tuning the rotation of the grating.

Turning the grating we obtain a tuning range of 20 nm (Fig.2.13)) at a current
of 340 mA (2 x I,) which corresponds to an extracted power of 25 mW. The
central wavelength of the tuning correspond to a wavelength of A = 1240 nm and
the range extends from to 1235 nm to 1255 nm.

Interestingly, this tuning range and the location of maximum output power
with feedback are blue-shifted by about 5 nm to the wavelength of the free-
running laser (see Fig.[2.13). The spectral width varies between 6\ = 0.07 nm

(resolution of the spectrometer) and 0.1 nm.
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2.4 Characterization of small area QDL diode

So far results on the improvement the coherence of broad-area quantum dot
laser have been presented, but the QDL diode analyzed still at higher current
is multimode and hence present difficulty for coupling the beam in single mode
fiber for applications. Hence we turn our attention to a small-area diode with
anti-reflection coating. The performance of commercially available state-of-the

art external cavity lasers are on the order of 100khz.

2.4.1 Sample and characterization

The QDL, from Innolume GmbH, has a length of . = 3.5 mm and a stripe width
of w = 5 pum. One facet of the QDL diode is AR coated while the other is HR
coated. The semiconductor structure for the gain chip was grown by molecular-

; @], Fig.[2.14 for

layer structure specification. The temperature is controlled by a Peltier element.

beam epitaxy. The gain region consists of 10 QD planes

Layer Material Group Repea Mole fraction (» Thickness Doping profile Type Dopant
start  finish {nm) start  finish

14 |GaAs 200 1e20 P c
13 |Alx)Ga(l-x)As 0.15 0 20 el P C
12 |Alx)Ga(l-x)As 0.15 1800 5el7 P C
11 |Alx)Ga(l-x)As 0.15 700 2.5e17 P c
10 |GaAs 100 /D | Mone
9 |Gads 1 10 35 D | MNone
8 |In(x)Gall-x)As 1 10 § 015 5 WD | None
7 |InAs* 1 10 0.8 /D | None
65 |Gahs 35 D | None
5 |Gads 100 D | Mone
4 |Alx)Gall-x)As 0.15 1000 Bel7? N Si
3 |Alx)Ga(l-x)As 0.15 1600 1e18 N Si
2 |AlGa(l-xjAs 0 0.15 15 Jeld N Si
1 |GaAs 500 Jeld N Si
0 |GaAs substrate N+ GaAs 3 inch

Figure 2.14: Layer structure specification.

Fig. (a) show the typical spontaneous emission spectra (PL) of this QDL
laser. It is centered at 1235 nm with a width of around 30 nm and a FWHM of
10 nm. The laser threshold is about 400 mA. The power at 1 A is 232 mW at
room temperature, inset of Fig.[2.15 (a).
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Figure 2.15: (a) Spontaneous emission spectra for increasing current, inset LI curve
at room temperature. (b) Lasing spectra for increasing current.
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Figure 2.16: Left: Imaging of the beam at d = 930 mm, (M = 316.7), Right
horizontal and vertical cut along the image with fit.

Fig. 2.15 (b) shows the lasing spectra of the diode. It possible to see that
increasing the current several peaks appear at higher wavelength. The position
of the peak is random and the average width is about 0.5 nm.

Fig. show a typical emission profile from the QDL taken with a InGaAs
camera (NIR-300/F) at a distance of d = 950 mm. Calculating the magnification
given by the distance from the lens to the camera and the effective focal length

of the lens is possible to infer the beam size in both direction of the beam. From
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2.4 Characterization of small area QDL diode

the fit of the profile in the horizontal and vertical direction turn out that the
vertical size is 0.62 pm, limited by the numerical aperture (NA) of the lenses and

the horizontal one is 3.62 pm.

2.4.2 Littrow and Littman configuration

The threshold reduction in the Littrow configuration is shows in Fig [2.17 (a)
as function of the wavelength. The error bar is given by the size of the data
points. The maximum threshold reduction is around the gain peak, A = 1230 nm
and is about I = 62 mA and then the threshold increases towards lower and
higher wavelengths. Compared to the threshold of the free running laser this is
a threshold reduction of 35 %.
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Figure 2.17: (a) Threshold in Littrow setup, (b) tuning range in Littrow setup.

Fig (b) shows the tunability of the diode tilting the grating. A tuning
range from A = 1205 nm to A = 1270 nm is achieved.

Instead, in the Littman case we have a threshold of I = 80 mA at A = 1230 nm,
Figl2.18(a), and a tuning tuning range from A = 1205 nm to A = 1270 nm.

Fig shows the power available with both configurations. In the Littrow

configuration a maximum output power of 100 mW is achievable at A = 1230 nm,
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Figure 2.18: (a) Threshold as function of wavelength in Littmann configuration (b)

tunability.

decreasing to 75 mW at A = 1260 nm. Fig2.19/(b) shows instead that in Littmann
configuration only half of the power is available.
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Figure 2.19: (a) Power versus current in Littrow configuration, (b) Power versus
current in Littmann configuration.

Fig[2.20 shows the FWHM of emission achievable in Littmann configuration

showing that is almost constant around 0.16 nm and also that it stays constant
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Figure 2.20: FWHM as function of wavelength, in Littmann configuration, for two
currents, red curve threshold current, black curve I = 1000 mA, inset
spectral profile and fit.

at hight current (black curve) showing a very good feedback level achievable for
currents up to 1 A. The FWHM of emission achievable in Littrow configuration

1s 0.16 nm also.

2.4.3 Discussion

So far the performance and reliability of two kinds of quantum dot laser diodes
have been analyzed. In section 2.3 we analyze broad area (100 pm) laser diode.
A remarkable bandwidth of 5-10 GHz at power levels of 10-140 mW was demon-
strated &] sufficient for many applications as investigating the nonlinear optics
of QD. Nevertheless, due to the broad area of the laser diode, it is normal that the
laser emit a number of transversal modes adding to the complexity of the laser
chip mode spectrum so the output spectrum is a mix of the transversal mode
spectrum and the modes of the EC. Indeed, this is more visible at hight current,
where the laser became strongly multimode as discussed in section 2.3.2.

Expected significant improvement of performance come by anti-reflection (AR)
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2.5 Stacked binary InAs-GaAs quantum dot structures

coating of the facet @] on which the feedback is done. Indeed this was the case
when we analyze the small area laser diode (5 pm) with anti-reflection coating,
of section 2.4.

In that case we achieve in Littmann and Littrow configuration a bandwidth
of 0.20 nm for all the wavelength achievable turning the grating and especially
for all the current available. The beam stays single mode even at higher current
compared to the previous case, where at higher current the beam is no more
single mode.

Normal external cavity commercial lasers have a linewidth of 100 kHz but we
observe few GHz due to the grating involved and the stripe width of the lasers.

Nevsky et al. ] reached a tuning range exceeding 200 nm as well as an
output power of more than 500 mW at a central wavelength of about 1180 nm
using a 5 um wide bent ridge with a normal output facet and 5° tilted rear facet.
Nevertheless the linewith reduction is still in the order of several kHz. They are
using sample not currently commercially available.

An important application of the diode will be analyzed in the next section.

2.5 Stacked binary InAs-GaAs quantum dot struc-

tures

Quantum dot based optoelectronic devices open a new pathway to realize laser
and other photonic devices in the 1.3 pm region of the electromagnetic spectrum,
where a mature and well developed fiber technology exists due to its relevance to
telecommunications. We concentrated on lasers and amplifiers.

Terahertz radiation is non-ionizing submillimeter microwave radiation and
shares with microwaves the capability to penetrate a wide variety of non-conducting
materials. Terahertz radiation can pass through clothing, paper, cardboard,
wood, masonry, plastic and ceramics. It can also penetrate fog and clouds, but
cannot penetrate metal or water ﬂ98‘].

One important option for THz generation is photomixing of two cw beams

or photoconductive switching with a mode-locked laser in semiconductors with an

40



2.5 Stacked binary InAs-GaAs quantum dot structures

antenna structure. Most efforts so far have concentrated on LT (Low Temperature)—
GaAs or LT-InGaAs excited by lasers in the 780-1060 nm range @; 100; ’E;
102]

Many applications in astronomy or sensing would highly benefit from a co-
herent distribution of the laser radiation over larger distance based on fibers, i.e.
demand wavelengths in the 1.3 or 1.5 pum bands.

We present result on two stacked binary InAs/GaAs QD structures (no. 1949)
grown under surfactant-mediated growth conditions at two different temperatures
and a superlattice structure (no. 1753). The growth technique will be illustrated
in the following section followed by a discussion of some of the structural, optical
and electrical properties of these samples and some applications in which they
can be involved

These samples can be used as ultrafast photoconductive PC materials for
generating and detecting terahertz radiation using photomixing or broadband
pulsed techniques [103]. Both techniques require PC materials with an ultrashort
carrier lifetime for fast response and a very high resistance to minimize the dark
current in the THz emitters and detectors. LT GaAs is one of the well known
materials that are used for this purpose; however, its band gap prevents the use
of telecom lasers for excitation. The two samples studied in this work can be used

as alternatives due to the narrower bandgap material embedded in the structure,

i.e. InAs.

2.5.1 Sample and experimental setup

The sample (no. 1949) is made of 10 layer of InAs-GaAs quantum dots (QDs)
structure, grown by molecular beam epitaxy (MBE) at T = 450 °C growth tem-
perature ] The InAs layers (3ML) were grown under surfactant growth con-
ditions where only the In beam impinged upon the growth surface. The group V
uptake was provided by the residual arsenic in the growth chamber. This growth
mode results in the formation of quantum dots with dot sizes that much smaller
than those for normal growth (NG) of 3ML InAs-GaAs QD structures, and a
good growth quality as determined by double crystal x-ray diffraction (DCXRD)

measurements.

41



2.5 Stacked binary InAs-GaAs quantum dot structures
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Figure 2.21: Several sets of Bow-tie antennas. Each set contains 20 devices and the
following figures and table show the dimensions of these antennas.

At low substrate temperature (LT), T = 250 °C, and under the same Arsenic
free growth condition, a very high quality InAs-GaAs structure was grown with
up to 3MLs of InAs as demonstrated by TEM and the very well defined DCXRD
spectra. Thus the critical thickness of InAs can be extended well beyond the
1.7ML limit seen at higher growth temperatures.

In order to measure the resistance and the responsivity of the samples to the
1.3 um excitation, PC devices have been fabricated by depositing bow-tie shape
metal contacts with a gap length of 5 um. Fig. shows the structure of the
Bow-tie antennas. Fach set contains 20 devices and the following figures and
table show the dimensions of these antennas. The side of antenna are biased
at 20-30 V by connecting with probe tips with 6 um radius. If two lasers with
frequency differences in THz region are directed into the gap, they create an
oscillating carrier-density and due to the bias an oscillating photocurrent, which
emits a THz wave.

The experimental setup is shown in Fig.[2.22| Two different devices are used as

laser source. The first one is a commercial tunable laser from Santec (TSL-210V).

42


Chapter1/Chapter1Figs/antenna.eps
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It has a tuning range of 100 nm from A\ = 1260 nm to A = 1360 nm with FWHM
less than 0.07 nm. The output is coupled to a single mode fiber. The power
reachable span from 14 mW at A = 1260 nm up to 35 mW at A = 1340—1360 nm.

The second one is the tunable source made from the QDL configured in
Littman configuration. We use littmann configuration because the beam posi-
tion doesn’t move in space like in the Littrow configuration. The wavelength
range is as reported in Fig. [2.18(b) at power levels like Fig. [2.19(b). We cou-
ple the laser diode to a single mode fiber using an anamorphic prism plus an
aspheric lens. The coupling efficiency reached is about 30% at all the available

wavelengths.

Tunable L4

source
M_|
/ ' Camera

BS |

LAMP]

BS

<> L3

Probe tips Probe tips
Sample
| He-Ne |
Bias —— Amp.

Voltage |

Figure 2.22: Experimental setup: C collimator (f = 3.1 mm), L1 (f = 50 mm), L2
(f = 150 mm), L3 (f = 50 mm), L4 (f = 200 mm), M mirror, BS beam
splitter, He-Ne Helium-Neon laser.

The emission of the laser is collimated using an aspherical lens (C) of 3.1 mm
focal length and numerical aperture NA = 0.68. After that two lenses L1 and
L2 are used for beam shaping. We focus onto the sample with a lens L3 of focal
length of f = 50 mm. The beam radius, as came out from imaging the beam on

the camera, are w, = 4.5 pm and w, = 6.3 pm.
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A second system is used for imaging the sample. A commercial lamp illumi-
nates the surface of the sample so it is possible to see the area of the antenna
with the camera, sensible to visible radiation.

A He-Neon (He-Ne) laser also is sent to the surface of the sample and the
reflected beam is spotted by the camera. We use in addition the He-Neon laser
due to the fact that the camera used is not sensible to the infrared region. The
He-Neon and the infrared beam are carefully superimposed.

Fig.2.23|shows the dark resistance of the sample as a function of the annealing
temperature. Sample no 1949 shows high resistance caused by the QDs acting as

traps for the carriers. Annealing showed no significant effect.
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-+ InAs-GaAs QDs

= LT InAs-GaAs
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1 T T T T L] L}

0 100 200 300 400 500 600 700
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Figure 2.23: Dark resistance as a function of the annealing temperature.

In contrast, the resistance of sample no. 1753 is very low for an unannealed
sample due to the conduction via hopping between midgap states created by
As point defects. The reduction in the point defects density after annealing, in
addition to the formation of As clusters which form depletion regions around
themselves acting as buried Schottky barriers, leads to a dramatic increase in the
resistance.

It is worth to notice that a photoluminescence is present from the quantum

dot sample (no. 1949) but no PL comes out of the superlattice (no. 1753).
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2.5.2 Results

Photocurrent measurements were performed with the tunable sources and fairly

high photocurrent peaks around the ground state transition peak were observed.
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Figure 2.24: Current responsivity as a function of the excitation wavelength, both
samples are unannealed, gap length 5 pm, bias 20 V.

Fig.[2.24 shows the current responsivity as a function of the excitation wave-
length at 20 V bias for the two samples: the InAsGaAs quantum dot and the LT
superlattice. There is a strong photocurrent from the QD sample, with a peak
reached at A = 1230 nm, after the photocurrent decreases to reach a constant
value from A\ = 1280 nm to A = 1340 nm. Instead the superlattice shows less
pronounced photocurrent that stay constant from A = 1210 nm to A = 1240 nm
to drops after.

Our group report also photocurrent of 0.24 A /mW for LT-GaAS bow tie with
10 pm gap, taken with a Ti:Sapphire laser at 780 nm ] This value is 10 times
bigger than the LT-InAs-GaAs superlattice reported in Fig. probably due
to the sample thickness. The LT-GaAs is normally one micron of bulk material
which absorbs the impinging radiation completely whereas the absorption is low,

in the some % range for the superlattice.
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Figure 2.25: Photocurrent vs. voltage for QD samples excited with 5 mW.

Fig. shows how the photocurrent changes as function of bias voltage
applied to the antenna (ref. Fig. 2.22), with fixed input power, in this case set
to 5 mW. It is possible to see that the photocurrent is low until a bias voltage of
35 V is applied. After that there is an exponential increase of the photo-current
is observed. At low wavelength A = 1220 nm there is more photocurrent than at
high one.

Fairly hight photocurrent has been found also from sample, superlattice were
doesn’t appear a PL. These are, to our knowledge first results on photocurrent
in InGaAs quantum dot and superlattice for THz applications. Photocurrent is
hight for QD than for superlattice probably due to different lifetime. Indeed the

lifetime of the superlattice is low (some hundreds of fs) compared to the QD.
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Chapter 3

Opto-thermal pulsations in a

quantum dot edge-emitting laser
diode

3.1 Introduction

One subject of interest in quantum dot lasers are self-pulsing lasers where self-
-switching due to saturable absorption was observed in many devices @; @;
ﬁ(;& @] Pulsations are in the GHz region as can be expected for passive Q-
switching with the lifetime of the excited state in the nanosecond range. In
VCSELs, self-pulsations observed were at a somewhat lower frequency but still
in the several hundreds of MHz range and were related to saturable absorption
in lateral unpumped regions of the device dl—l()h Self-pulsations in edge-emitting
QD lasers without an intentionally introduced absorber section were also observed
and explained in terms of the inhomogeneous nature of the QD gain, the existence
of several confined QD states and the resulting saturable absorption by energy
states lower than the laser photon energy [111]. Nevertheless, these oscillations
are still in the GHz range.
It is reported here on self-pulsations in QD edge-emitting lasers without a sat-
urable absorber section taking place on the MHz scale. The oscillation frequency

hint to a thermal origin of the dynamics. Indeed, opto-thermal pulsations with a

47



3.2 Opto-thermal pulsations

very similar phenomenology were studied in quantum well amplifiers ; @] and
114l; 115;116]. Tt
was shown in ﬁ& that the self-oscillations follow van der Pol-Fitzhugh-Nagumo
dynamics @; ], a fairly general scenario of relaxation oscillations, which are

characterized by the competition of very different time scales (in ; ] for

example carrier dynamics and thermal relaxation).

are typical for a variety of other nonlinear optical systems ﬂl 13;

Interestingly, the self-pulsing dynamics are found to persist if frequency-
selective feedback is applied. By the feedback, the operation frequency of the
laser can be tuned above, below and around gain maximum and time-resolved
optical spectra show characteristic differences, which are argued to give some in-
dication of a difference in phase-amplitude coupling above and below the gain
maximum.

Bistability in the light-current characteristics is observed for wavelengths
smaller than the gain peak (A = 1225 nm), but it is not present for wavelength

above the gain peak and for the free running lasers.

3.2 Opto-thermal pulsations

3.2.1 Experimental setup

The setup utilized for the characterization is shows in Fig.[3.1. The laser is a quan-
tum dot edge-emitting diode from Innolume GmbH with a length of L. = 3.5 mm
and a stripe width of w = 4.5 um. It contains InAs QD in a GaAs matrix. It
is designed to be single spatial mode with only a shallow edged waveguide. One
facet of the QDL diode is anti-reflection (AR) coated while the other is hight-
reflection (HR) coated. The laser is mounted on a C-mount and the temperature
is controlled by a Peltier. The output power is specified to be 300 mW at 1 A.
The emission in the fast axis is nearly collimated using an aspherical lens (C1)
of 3.1 mm focal length and numerical aperture NA = 0.68. Feedback is provided
in a Littrow scheme with a diffraction grating with 1450 lines/mm arranged at an
angle © = 75° with respect to the incoming beam. The collimator is positioned in

a way to optimize threshold reduction by focusing on the grating (external cavity
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Figure 3.1: Experimental setup: mirror (M), diffraction grating (DG), aspherical
collimator (C1) (f = 3 mm), aspherical collimator (C) (f = 8 mm), L1
(f = 50 mm), L2 (f = 200 mm), L3 (f = 50 mm), L4 (f = 35 mm),
Wollaston polarizer (P), filter (D), Photodiode (PD).

length 123 mm). After the external cavity, there is a lens, L2, for beam shap-
ing and an optical isolator (OI) to prevent feedback from the detection part. A
Wollaston polarizer (P) splits the beam in the two polarization components, hor-
izontal and vertical, and sends them to two InGaAs detector (Thorlabs PDA255,
bandwidth of 50 MHz) to monitor the dynamics. The optical spectrum is also
monitored from the HR facet of the diode by a fiber coupled optical spectrum
analyzer with a nominal resolution of 0.07 nm. For the characterization of the
free running laser the diffraction grating has been replaced with a mirror and the
detector is placed before the Wollaston polarizer.

Fig. [3.2(a) displays the spontaneous emission spectra for increasing current
(blue curve) and the lasing spectra (red color). It is possible to recognize two
peaks corresponding to the ground state (GS) and the first excited state (ESI)
of the emission. The first excited state is localized at A = 1120 nm, 100 nm
away from the ground state at A\ = 1220 nm. Both, GS and ES1 peaks, increase
with increasing current until lasing emission takes place from the GS and the ES1
emission remains constant.

Fig. [3.2(b) shows the Ll-curve, for the free running lasers. The inset of
Fig.3.2(b) shows instead how the threshold of the diode changes with tempera-
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Figure 3.2: (a) Blue curves: spontaneous emission spectra for increasing current,
red curve: lasing spectra. (b) LI curve for the free running laser, inset:
Laser threshold for different temperature.

ture. The diode has a threshold of I = 590 mA at 5 °C that rises up to 1 A at
32 °C. Fig. 3.3 shows the optical spectra of the free running laser at I = 950 mA.
There are several emission peaks in the laser. The peaks have an average distance
of 0.36-0.4 nm. This would correspond to a length of 0.51-0.56 mm. This is very
difficult to interpret due to the fact that the length of the diode is 3.5 mm and
the longitudinal mode of the QDL are not resolved.

The tuning range of the setup is displayed in Fig.3.4. Turning the grating,
it is possible to obtain a tuning range of 70 nm from 1190 nm to 1260 nm. The
central wavelength of the tuning correspond to a wavelength of A\ = 1225 nm.

The spectral width varies between dA = 0.1 nm and 0.2 nm.
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Figure 3.4: Tuning range of the laser with feedback starting at 1190 nm and ending
at 1260 nm. The spectra are taken with the OSA at different current
levels by manually turning the grating.

3.2.2 Dynamics of the free running laser

The QDL shows pronounced intensity pulsations (Fig.[3.5) starting at the thresh-
old of the laser (Fig.[3.5(a)). They are large amplitude pulses on a small back-
ground. With increasing drive current their frequency increases and reaches
a maximum characterized by approximately 50% duty cycle (Fig. 3.5(b)). At
higher currents, the on-state dominates (Fig. [3.5(c)) until the pulses are better
described as short drop-outs from a high-amplitude state (Fig.[3.5(d), (e)). The
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pulsations disappear after I = 910 mA and the laser emission is stable afterwards
(Fig.3.5(f)). It is evident from the figures, that there is some variation in pulse
duration (e.g. (Fig.[3.5(c-d)), i.e. there is a jitter in the width of the pulses present

at all drive currents.
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Figure 3.5: Behaviour of the oscillation for the free running laser for increasing
current: (a) 803 mA, (b) 827 mA, (c) 832 mA, (d) 840 mA. (e) 872 mA
(f) 910 mA.

It is possible to give a quantitative account of the frequency of this pulsations
vs. drive current. The frequency of the pulsations around the threshold current
of 803 mA, (Fig.[3.5(a)) is about 2.5 MHz, increases up to 5 MHz (Fig. [3.5(b))
for I = 827 mA to decreases again about 2 MHz at 840 mA (Fig.3.5(d)) and less
than 0.5 MHz for I = 872 mA (Fig. 3.5(e)).

The characteristics of the dynamics can be also illustrated by histograms
of the intensity amplitudes for different current levels (Fig. 3.6). Fig.[3.6(a) is
obtained at I = 803 mA and demonstrates that the distribution of amplitudes is
more concentrated around the base of the pulse, reflecting a spike-like behavior
of the pulses. The fact that the distribution at high amplitude is broader than
at low amplitudes is due to the overshoot at the start of the pulse. Fig.[3.6(d),
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Figure 3.6: Istogram of amplitudes of the pulse for increasing current at: (a) 803
mA, (b) 827 mA, (c) 832 mA, (d) 840 mA, (e) 872 mA, (f) 910 mA.

obtained at I = 840 mA, shows a nearly evenly distributed frequency of occurrence
of higher and lower intensity reflecting the approximately 50% duty cycle. For
higher current, Fig. 3.6(e-f), there is a strong prevalence for the high amplitude
state with only some drops in power.

The characteristics of the dynamics can be also illustrated by histograms of
the time between pulses for different current levels (Fig. [3.7(e-f)). Fig. [3.7(a)
is obtained at the laser threshold, I = 760 mA, and demonstrates a symmetric
distribution of interpulse times with a mean around 0.35 us. The width of the
distribution is about 0.03 pus (HWHM) and corresponds to a jitter of the pulses.
Increasing the current, the mean moves to 0.2 us (Fig. 3.7(b), I = 790 mA) and
the distribution narrows. For even higher current, the distributions become not
only broader again, but also asymmetric (Fig. [3.7(c)-(f)). This means that the
dynamics is most regular in the vicinity of the 50% duty cycle region and acquires
more stochastic components afterwards. The resulting variation in pulse duration

is clearly visible. Fig.[3.7(d) extends to 20 us, i.e., there can be very rare events.
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Figure 3.7: Interpulse time histogram of the pulse for increasing current at: (a) 803
mA, (b) 827 mA, (c) 832 mA, (d) 840 mA, (e) 872 mA, (f) 870 mA.

3.2.3 Pulsations in feedback operation

The laser with feedback also shows pulsations and therefore measurement have
been taken to characterize the range, the shape and the frequency behavior of
these oscillations following the setup of Fig.

Fig. show the LI-curve for the horizontal polarization component at differ-
ent wavelength, from A = 1195 nm to A = 1255 nm. Tuning the wavelength from
A = 1195 nm to A = 1230 nm, the threshold current decreases from I = 780 mA to
I = 550 mA. Then it increases from I = 550 mA to I = 720 mA from A = 1230 nm
to A = 1255 nm.

The shape of the LI curves varies strongly with emission wavelength. From
A = 1195 nm to A = 1220 nm there is an abrupt switch-on of the laser at
threshold that continue increasing the wavelength until around the gain peak.
This switch-on decreases in amplitude with increasing wavelength. After that,
Fig. there is a continuous switch-on similar as in the free running laser. All
the curve change slope, both the continuous and the abrupt ones, and a kink

indicates when the laser becomes stable. Fig. [3.9 shows instead the LI-curve
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Figure 3.8: Ll-curves for horizontal polarization component different wavelengths.

for the vertical polarization taken in the other arm of the setup, Fig.[3.1. The
vertical component of the polarization is 10 times lower than the horizontal one.
The ripple in the LI-curves are due to the Wollaston polarized present in the setup.
Indeed the repetition of these ripple corresponds to the length of th Wollaston
polarizer.

The behavior in threshold is the same as the horizontal one, but differently
to the other curve there is a shoulder where the amplitude decreases for certain
current to increase again at higher current.

The shape of the pulsations is similar to the free running laser, Fig. 3.5: short
pulses from an off-state evolve towards a 50% duty cycle, then the on-phases
become longer until the laser is stable at high currents. The frequency behavior of
the laser with feedback has been analyzed at different temperatures. Fig.3.10(a)
shows how the frequency of the lasers in feedback changes for increasing current
at different temperature.

The behavior in shape is similar to the free running lasers, in a sense that

the frequency increases with current, reach a Plateau, in this case more wide
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Figure 3.9: Ll-curves for vertical polarization at different wavelength.

compared to the free running laser, and then decreases again at higher current.

The pulsations start at a frequency of 1 MHz at 7.5 °C to increase to 1.6 MHz
and then decrease again to 0.4 MHz where they disappear.

Changing the temperature it turns out that this frequency becomes lower,
Fig. [3.10(a), and the starting of the oscillation appear at higher current due to
the shifting of the threshold of the laser with temperature.

Fig.3.10(b) shows the range of the oscillation for different wavelengths avail-
able by tuning the diffraction grating from A = 1195 nm to A = 1250 nm. Between
A = 1195 nm and A = 1220 nm the range where the oscillation are present is quite
small, around 40 mA, then it increases to around 100 mA around the gain peak
to increase again up to 200 mA for some higher wavelength. This range is for

both polarizations of the diode.
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Figure 3.10: (a) Frequency behavior of the laser with feedback for increasing cur-
rent at different temperatures. (b) Oscillations range in dependence of
wavelength.

3.2.4 Bistability behavior

Optical bistability also take place in the diode thought no saturable section is
present. The measurement are been taken scanning up and down the current of
the laser with a step of 0.1 mA, the resolution of our current driver. The time
between each current step is set to 2 second. The time-averaged LI curves differ
strongly below the wavelength of minimal threshold of A = 1225 nm and above.

At A = 1195 nm, Fig. [3.11(a), there is bistability at laser threshold with a
pronounced hysteresis loop. Afterwards, the average intensity increases linearly.
At a kink of about I = 780 mA the slope of the LI curve changes and the laser
becomes stable. Increasing the emission wavelength, the width of the hysteresis
loop becomes smaller but an abrupt transition is still present up to A = 1221
nm, Fig. 3.11(b). Fig.3.11(c) refers to A = 1240 nm where there is no sign of

bistability and the laser threshold is continuous.
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Figure 3.11: Bistability curve: (a) A = 1195 nm, (b) gain peak, A\ = 1221 nm, (c)
A = 1240 nm.

Fig. [3.11[a-b) shows also ripple in the LI curve just above the curve became
linear not present for the free running lasers and at wavelength above the gain
peak. The repetition of these ripple is of 5 mA for A = 1195 nm, but not present
for A = 1221 nm where also after the switch on there is no overlap between the

two side of the LI curve.

3.2.5 Preliminary interpretation of the pulsations and bista-
bility

We note that we did not observe indications for higher QD state lasing, i.e.
Fig. as in [111] and the frequency of self-pulsing that we observe is in the
MHz instead of the GHz range.

The slow time scale of these oscillations indicates that these are opto-thermal
pulsations. Opto-thermal pulsation are a common scenario in broad area semi-
conductor quantum well optical amplifiers though at slightly slower time scales

of kHz to tens of kHz [63; 112].

The described phenomenology, reported in the previous section, of pulsing
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3.3 Time resolved spectra

from low-amplitude state vs. 50% duty cycle to drop-outs from a high-amplitude
state is found nearly identically in both systems. In the amplifier, the scenario can
be dynamically interpreted within the Van Der Pol-Fitzugh-Nagumo model of
interaction of dynamics at two very different time scales. In physical terms, there
is a competition between two frequencies/resonances, e.g. in a laser with injection
the frequency of the injected light and the cavity resonance of the slave. Initially
they might be in resonance but if then amplification sets in, the slave cools due
to the reduction in carrier density due to stimulated emission, its resonance shifts
and interaction is lost. Then the carrier density is high again and the laser heats
until it is in resonance again and a new pulse can start. The different time scales
of thermal heating/cooling and stimulated emission/carrier injection lead then to
relaxation oscillation-like pulsations. The same might happen in an experiment
with frequency-selective feedback into a single-longitudinal mode vertical-cavity
surface-emitting laser (VCSEL) where the role of the injection frequency is played
by the center frequency of the grating ]

Optical bistability in quantum dot lasers is usually associated with two-section
laser structures where one section is actively pumped while the other acts as a
saturable absorber m; ’EO] In two-section diode lasers, the ability to sepa-
rately control the gain and absorbing regions can lead to various forms of optical
bistability. In particular, these lasers can exhibit power bistability when the cur-
rent applied to the gain section is swept m] Wavelength bistability has been
more difficult to achieve but has been observed in continuous-wave, two-section
distributed feedback (DFB) diode lasers @] The bistable operation has impor-
tant applications in optical switching and modulation [122].

Frequency-selective feedback is known also to support bistability at lasing
onset in bulk and quantum well lasers ] In contrary to [124] the origin of the
bistability behavior is unclear, maybe can be due to saturable absorption in the

excited state.

3.3 Time resolved spectra

The difference between our case and the previous cited literature ; @; @]

is the fact that in our case these oscillations appear also in the free running
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3.3 Time resolved spectra

lasers. This indicates that the laser itself provides a mechanism able to generate
oscillations in the MHz range.

This and the fact that one is interested in a direct proof for a transient tem-
perature shift during the pulse motivates an investigation of the optical spectra,

especially time-resolved ones, developed in the following section.

3.3.1 Experimental Setup

The experimental setup is illustrated in Fig.

PD
LS ——
—/—SFP
Temp. Cont.
M
M
L3
ﬂ Bs |
OSA
Curr. Driver M \ U BS U
L4
|

Figure 3.12: Experimental setup: quantum dot laser (QDL), aspheric collimator (C)
(f = 3.1 mm), diffraction grating (DG), mirror (M), L1 (f = 100 mm),
optical isolator (OI), beam splitter (BS), L2 (f = 250 mm), scanning
Fabry Perot interferometer (SFP), L3 (f = 35 mm), L4 (f = 50 mm),
L5 (f = 50 mm), optical spectrum analyzer (OSA), photo diode (PD).

After the external cavity, there are two lenses L1, L2 for beam shaping and an
optical isolator (OI) to prevent feedback from the detection part. Two InGaAs
fast detector (Thorlabs PDA255) with an active area of 1 mm and bandwidth of
50 MHz are used to monitor the dynamics of the total intensity and the spectrally
resolved intensity after the scanning Fabry-Perot interferometer (SFP). The op-
tical spectrum is also monitored by a commercial fiber coupled optical spectrum

analyzer (Agilent 86140) with a nominal resolution of 0.07 nm. The plane-plane
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scanning Fabry-Perot interferometer (SFP) has a free spectral range of 1.95 nm

(390 GHz) and a finesse of about 500-600.

3.3.2 Time averaged spectra

Fig.[3.13/shows standard time-averaged spectra (i.e. the sweeping time of the SFP
is much longer than the time scale of pulsations) around the gain peak (A = 1220
nm) for two cases, both with feedback, when the laser is not oscillating, upper part

(a), and when the laser exhibits oscillations, lower one (b). The time averaged
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Figure 3.13: Time-averaged spectra for two relevant currents: (a) laser stable at
I =584 mA, (b) laser oscillating at I = 548 mA. The wavelength scale
is only relative, the free spectral range of the analyzing SFP is 1.95 nm,
i.e. the repetition of modes is a detection artifact.

spectrum is characterized by multi-longitudinal mode emission with an envelope
width slightly increasing with current being 4-5 nm in the interesting range. At
the transition between self-pulsing and stable operation there is no noticeable
effect on the envelope in the time averaged spectrum but the linewidth of the
individual longitudinal modes decreases.

In both cases, the laser is strongly multi-mode covering about 1.5 nm. The

modal envelope is increasing from lower to higher wavelengths. The line width of
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an individual longitudinal mode is about 0.6 GHz for stable emission. Instead,
when pulsating the average linewidth is larger (Fig.3.13b), about 5.6 GHz, which
might be due to modes jittering.

3.3.3 Time resolved spectra

One way to check for temperature changes is to look at spectral shifts, however
typical optical spectrum analyzer average over milliseconds or more, i.e. much

longer than an oscillation period.

<
o)

Intensity (Arb.Units)
o o
) N

Figure 3.14: Superpositions of pulse shapes obtained by a non-frequency selective
monitor illustrating the timing jitter. The results are reliable in the
first 0.2 s, i.e. the interesting interval during the overshoot, whereas
the jitter of pulse duration affects the reproducibility later on.

This is investigated in more detail in frequency resolved measurements where
the mirror separation in a plano-planar Fabry-Perot cavity is changed stepwise
via a computer and the pulse shape after the Fabry-Perot at that wavelength
taken by a digital oscilloscope. The oscilloscope is triggered on the steep front
edge of the pulse which is reproducible from event to event (see Fig.[3.14]) so that
a time-resolved spectrum can be reconstructed).

Following @], we record the time-resolved spectrum for all frequencies in-

side a free spectral range and superimpose the data recorded for every frequency.
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3.3 Time resolved spectra

This is done by scanning the piezoelectric translators of the SFP by a computer
controlled voltage slowly (stepwise) while we record with a fast detector the signal
transmitted by the SFP. The diode drive current is kept fixed during the experi-
ment. To maintain a stable signal on the scope we trigger on the pulse read out
by the other fast detector. In our case 0.47 V correspond to a free spectral range
of 1.95 nm. The scan covers 0.8 V with a resolution of 1 mV steps leading to

almost two FSR with a nominal wavelength resolution of 0.0041 nm.

(@) 1200 (®) 11976

1199.5
= ~ 11975
é 1199 g
= =
®1198.5 B 11974
() [0}
- <
% 1198 =
= Z 11973

1197.5

1197 1197.2

0 005 01 015 02 0 005 01 015 02
Time (us) Time (us)

Figure 3.15: Time-resolved spectrum for (a) A = 1197 nm, I = 724 mA, (b) Zoom
of (a) from A = 1197.2 nm to A = 1197.4 nm.

Fig.[3.15 shows the time-resolved spectra for two different wavelength achiev-
able tuning the diffraction grating. Fig.[3.15(a) is for A = 1197 nm at [ = 724 mA,
almost at the low-wavelength edge of the tuning range. One can see that the tra-
jectory of each longitudinal mode is initially curved (blue-shifting) until it remains
essentially constant for the remainder of the pulse. This blue-shift covers about
0.13 nm and might be due to radiative cooling. This would fit the interpretation
in the amplifier systems ] where it wasn’t demonstrated experimentally ex-
plicitly though. In addition, the envelope of lasing also blue-shifts with the most
reddish modes being excited and dying first.

Fig.3.16(a) is for A = 1220 nm, around the gain peak, at I = 548 mA. Again
the envelope blue-shifts in the initial phase but then swings back towards the red.
Within each cavity mode there is a blue-shift of 0.11 nm.
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3.3 Time resolved spectra

Fig.[3.16(b) is for A = 1240 nm at I = 600 mA. In this case, the lasing starts

at low wavelengths and then the envelope red-shifts. Within each cavity mode
there is a blue-shift of 0.06 nm.
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Figure 3.16: Time resolved spectrum for (a) A = 1221 nm at I = 548 mA, (b)
A = 1240 nm, I = 600 mA.
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Figure 3.17: Time resolved spectrum for (a) free running laser A = 1225 nm at
I = 831 mA the FSR of the analyzing SFP was increased to 5.7 nm,
(b) Zoom in of (a) from A = 1227.1 nm to A = 1227.2 nm.
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3.3 Time resolved spectra

Fig[3.17(a) shows instead the time-resolved spectrum for the free running laser
at a typical current. In this case there is a very weak blue-shift of 0.02 nm for
each longitudinal mode but the envelope does not shift very much. The fact that
the diagram is quite jagged for longer times is related to the fact that there is a
larger dispersion of pulse length in the free-running laser than in the laser with
feedback which makes the sampling technique less reliable further away from the
trigger point.

During the first 0.1 us of the pulse there is a blue- shift of about 0.03 nm
for each longitudinal mode, Fig[3.17(b). A blue shift is consistent with radiative
cooling because after switch-on stimulated emission leads to a reduction of carriers

and hence dissipated heat and hence supports the notion of a thermal effect.

3.3.4 Analysis and interpretation

128: 129; 130] for

quantum well lasers and in [131] for quantum dot lasers. An important conclu-

Switching between longitudinal modes was discussed in ﬂ127;

sion was that longitudinal mode switching is not a merely stochastic process but
follows a quite deterministic switching sequence influenced by nonlinearities. A
preference for a switching sequence from blue to red modes was related to the
breaking of the symmetry of four-wave mixing processes by a nonzero a-factor.
The a-factor or linewidth-enhancement factor describes phase-amplitude coupling
in semiconductors and is positive for quantum well samples [23].

A positive a-factor was found to be consistent with the blue-to-red switching
sequence observed ; @] The 3D quantum confinement of ideal QD should
lead to a ‘quasi-atomic’ behavior with a delta function-like density of states. A
symmetric gain spectrum should have zero phase-amplitude coupling or linewidth
enhancement factor at gain maximum, positive for lower frequencies and nega-
tive for higher frequencies. The different shift of the longitudinal modes during
the pulses observed is in qualitative agreement with this expectation: On gain
maximum, the free-running as well as the laser with feedback do not show much
of a shift consistent with a zero or small a-factor. The detuned emission un-

der frequency-selective feedback shows the same tendency as the quantum well
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devices for lower frequencies (positive a-factor) and the opposite for higher fre-
quencies (negative a-factor). The size and sign of the a-factor is very important
for feedback and filamentation instabilities. Indeed, a reduced (or even negative)
a-factor and a reduced tendency to beam filamentation was observed in man
samples, at least under some operating conditions M . 132; ’TS m ﬁ

The real susceptibility of QD are more complicated than the one of a two-level

atom due to contributions from the wetting layer, higher QD states and inho-
mogeneous broadening (e.g. ]), though the possibility of a negative a—factor
under gain conditions can survive. The current observation of a qualitative agree-
ment with the two-level expectation seems to be interesting though it should be
cautioned that the argument is quite indirect.

Finally, the fact that each longitudinal mode blue-shifts at the beginning of
the pulse hints to a detuning-independent effect like a temperature shift. Indeed,
it is consistent with radiative cooling, which might trigger the thermal relaxation

oscillations.

3.4 Waveguiding properties

As seen in the previous section there is no obvious mechanism of a competition
between resonance conditions. Also discussion with Innolume assure us that the
device used for the previous experiment is only shallow edged.

This reason lead to a theoretical and experimental investigation of how the
device behave in the center and wings. Differences between the dynamics in
device center and beam wings might indicate thermal lensing or a wave guiding

mechanism in maintaining this pulsations.

3.4.1 Waveguide description and simulation

The waveguide model used for the simulation is illustrated in Fig.[3.18, We use
the slab geometry according to @] The guide is assumed to be infinite in the
y direction. The structure is composed of three lossless dielectric regions: the
middle layer know as slab or film. It has a thickness d and refractive index n;.

The upper and lower cladding regions, having index ns, are semi-infinite in the
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positive and negative x direction. Light propagates into the slab from left and

the waveguide modes propagate in the positive z directions.
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|
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Figure 3.18: View, Symmetric slab ray geometry.

The equations that relate the attenuation coefficient and the projection of k

long the x direction are given by:

72 = (8% = n3kg)'/ (3.1)

ko = (niky — 8°)12 (3.2)
From the previous equation we have:
(ke1d)® + (12d)* = kgd®(nf — n3) (3.3)

Plotted with coordinate k. d and v,d this is the equation of a circle of radius
R = kod(n? — n2)/2.

Solving for v,d we have;

Yod = d[ki(ny —n3) — k3] =
kpdtan(kyid/2) m = 0,2, 4..
= —kydtan(k,d/2) m = 1,3,5..
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We numerically solve the previous equation with the parameter set in the

Table 1.1.

Table 3.1: Value of the parameter used for the simulation (Courtesy of Innolume

GmbH).
Parameter name Value
Thickness d 4.6 pm
Wavelength A 1.225 pm
Core effective refractive index ny 3.396
Cladding effective refractive index  ny 3.395
V parameter \Y 1.9442
1.0
: c 08} -
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< ] > 0.4 T
] § 02} ]
C
. . . = 00 . R
0.0 0.5 1.0 1.5 2.0 -10 =35 0 S 10
kxd/p Space (um)

Figure 3.19: Left: Plot of a graphical solution for TE mode in a symmetric slab
waveguide, showing the single mode case, right: Mode profile of the
intensity and Gaussian fit

The result of the simulation are given in Fig.[3.19. The left side of Fig. [3.19
shows that with the parameter of Table 1.1., the waveguide is single mode.

The right-side of Fig. shows the profile of the waveguide mode. The
mode is Gaussian in good approximation, see fitted dotted line, with a mode size
of 4.54 pm.

Varying the effective index by £10~* we have the value reported in the table
3.2:

This rather pronounced change in the mode profile motivates an investigation

of the beam profiles discussed in the next section.
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Table 3.2: Value of mode profile, size and V parameter for different An
Effective An mode (Gauss. Fit) yum Size (1/e*point) yum V parameter

0.9997 5.4276 5.92255 1.62664
0.9998 5.05994 5.46714 1.73895
0.99985 4.90813 5.27956 1.79247
0.9999 4.77256 5.11064 1.84458

0.001 4.54238 4.82544 1.9442
0.0011 4.35241 4.58854 2.03936
0.0012 4.2702 4.48503 2.08493
0.0015 4.39073 4.19399 2.12989

3.4.2 Experimental Setup
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Figure 3.20: Experimental setup: quantum dot laser (QDL), aspheric collimator
(C1) (f = 3.1 mm), mirror (M), L1 (f = 50 mm), beam splitter (BS),
optical spectrum analyzer (OSA), filter (F1, F2, F3, F4), photo diode
(PD1, PD2, PD3).

The experimental setup of Fig. is made for looking simultaneously at
the beam in different parts. We use three equal photodiodes (Thorlabs PDA255,
bandwidth of 50 MHz) for this experiment. With the first photodiode (PD1)
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we monitor the total intensity of the QDL diode and then also simultaneously
we monitor the beam center (PD2) and beam side (PD3). Also the intensity
distribution at the exit facet of the diode is imaged into an InGaAs camera at a

distance of d = 1660 mm. The magnification of the system is of 535.5.

3.4.3 Results

Fig. [3.21 shows the beam radius (1/e*point of intensity along the horizontal
slow) axis of the QDL as function of current. The profiles are Gaussian in good
approximation (see inset). From the results it is possible to infer that the beam
width decreases with increasing current. Accounting for the magnification of the
system one infers for the beam sizes in the laser that it drops from 5.3 pum at I
= 820 mA to 4.4 pym at I = 920 mA.
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Figure 3.21: Time averaged horizontal beam radius as function of current. The
inset shows the profile (blue line) with a Gaussian fit (red line) at I =
834 mA. Laser threshold I = 800 mA.

In contrast, the beam size of the vertical profile (fast axis) is much more
constant as shown in Fig. [3.22. The inset of Fig. 3.22| show the beam size long
the fast axis at I = 900 mA, in blue curve, and the Gaussian fit (red curve). The

shoulder on the Gaussian profile is due to the large divergence of the beam.
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Figure 3.22: Time averaged vertical beam radius as function of current. The inset
shows the profile (blue line) with a Gaussian fit (red line) at I = 900 mA.

In this setup is possible also to look on how the shapes of the pulse differ in
the beam center and in the wings. Fig.[3.23(a) illustrates that the detectors yield
essentially the same signals if both are moved into the beam center. This signal
follows closely the one obtained for the total power in a third arm. In contrast, if
the second detector is moved 5 mm off center, the initial overshoot disappears and
the pulse is essentially rectangularly shaped (Fig. [3.23(b)-blue line). Fig.[3.23(c)
shows quantitatively the ratio of the height of the initial overshoot to the pulse
amplitude just before switch-down. The ratio drops to 1 rather abruptly after
4 mm, i.e. about 1.5 times the beam radius. From that is possible to infer that
initially the output is more localized in the center compatible with a stronger

waveguiding.
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Figure 3.23: Pulse shape at different locations I = 822 mA: (a) Red and blue curves
monitor the beam center, the black curve is obtained from focusing the
whole beam on the detector with a lens. (b) As in (a) but blue curve
obtained now 5 mm off beam center. (c) Evolution of ratio between
initial overshoot and pulse amplitude before switch-off as function of
distance from beam center.

3.4.4 Analysis and Interpretation

As indicated before, the time scale and the bifurcation scenario suggest that these
are opto-thermal pulsations similar to the ones reported in quantum well ampli-
fiers ET?)] but there is no obvious mechanism of a competition between the cavity
resonance condition and another frequency-selected process like in the situations
discussed in the introduction. Instead, the experiments support a new mechanism
for opto-thermal pulsations based on waveguiding. Due to the shallow etching,
the mode is not strongly confined but the confinement — and hence the modal
gain — is enhanced by the refractive index increase in the ridge due to Joule heat-
ing. After switch-on, radiative cooling leads to a reduction in confinement and
the laser switched down again. Then the process is started again by heating. At
some point, the average heat load is high enough to sustain cw lasing. Assuming

the one-dimensional theory for simple rectangularly-shaped dielectric waveguides
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this is compatible with a change of the effective index difference between core and
cladding of £1.5 x 10~* around the estimated effective index difference of 0.001.
Since the thermal change of the refractive index of GaAs is about 2 x 1074/K, it
seems very feasible that a thermal lens induced by the Joule heating of the cur-
rent is providing this increased lateral confinement of the mode in the waveguide.
The relationship between temporal (7) and spatial (s) scales for diffusive processes
(diffusion constant D) is roughly given by 7 = s*/D (see also [138] for specific
geometries). Taking the width of the ridge-waveguide as a typical length scale,
s =5 um, and a thermal diffusivity of GaAs of D =2.5x107° — 1.3 x 10~* m?/s
support, we established that devices with a slightly deeper etching (discussed in

|, one obtains 7 = 0.2 — 1 ps in good agreement with observation. In

Chapter 2, section 2.4.), and hence better confinement do not show this instabil-

ity.
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Chapter 4
Numerical simulations

In this chapter, we are addressing the room temperature, cw nonlinear optics
of QDs. Because of the strong coupling of QDs to the semiconductor matrix
they are incorporated in, QDs are more complex than ‘simple’ atoms and we are
adopting a model including QD and wetting layer (WL) dynamics with the basic
coupling mechanisms using phenomenological rate constants. Another complica-
tion comes from the fact that QD spectra correspond to a ‘Voigt’-profile where
neither the homogeneous nor the inhomogeneous broadening is strongly domi-
nating. Hence, we will mainly rely on numerical simulations. It turns out that
indeed the saturation behavior is in between the expectations for the two limiting

cases.

4.0.5 Background information

A convenient way to characterize the nonlinear refractive index is measuring the
lensing incurred by a spatially varying input beam by the z-scan technique @] or
variants thereof, as done, e.g., for atomic vapors [142]. Measuring the self-lensing
provides also an alternative approach to the important problem of characteriz-
ing phase-amplitude coupling in QD [132; ﬁ] Due to their symmetric, atom-
like gain spectrum, QD should have zero phase-amplitude coupling or linewidth
enhancement factor (or a-factor, [23]) at gain maximum and hence a reduced
tendency to instabilities compared to quantum well and bulk devices. Indeed, a

reduced a-factor and a reduced tendency to beam filamentation was observed in
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many QD samples, at least under some operating conditions @; &; @; ]
Characterizing self-lensing will give a direct indication of the tendency of the
system to filamentation.

4.1 Maxwell and paraxial wave equation

The Maxwell equation relate the electric field E and magnetic H are:

VxE = —5 1 (4.1)

VxH = No(j+€o%D) (4.2)

V-H = 0 (4.3

V-E = £ (4.4)
€o

where p is the free charge density and ;’the current density. The electric and

magnetic flux density, D and B are given by:

— —

D = (¢E+P (4.5)
B = puH+M (4.6)
(4.7)

where P and M are the electric and magnetic field polarizations, ¢, and pg
are the permittivity and permeability in a vacuum. The propagation in a non-
magnetic medium without free charges (M = j= p = 0) allows to write the
previous equations in the form of the propagation equation [143; 144]:
.1 0% 4 1 9?5 1=

AE- -~ E=_—_~"P__V(V-P 4.
c2 Ot? 6002 ot? €0 V(V ) ( 8)

In the approximation V-P = —¢V-E &0 for most media and in particular

linear and isotropic, the nonlinear wave equation is:

.1 0% o 1 0% -
AE - ——E=——_P 4.9
2 Ot? €oC? Ot? (4.9)
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4.1 Maxwell and paraxial wave equation

In the following, a well defined linear polarization state is assumed. Electric

field and polarization summed with Fourier component with complex amplitude
Eo(wp) and Py(wp) are described by:

1 ) )
E = é(EOe_MOtHkO"bZ—i—CC.) (4.10)

1 . .
P = E(Pge_’wot“konbz—i—cc.), (4.11)

where kg = wp/c. The complex envelope is assumed to be slowly varying, i.e. Ey =
Eo(x,y,z,t), Py = Py(z,vy, z,t). Polarization and electrical field are connected via
the susceptibility:

Py(wo) = eox(wo)Eop(wo). (4.12)

In nonlinear optics, x(w) depends itself on the field and might be depend also
on other frequency components than wy, i.e. x = x(Ey, F1, Es,...) where E;
are the envelopes of all the fields present. We will limit to the frequency-
degenerate, single-field case here though. In the temporal domain, the statement
P(t) = eox E(t) is problematic, since it assumes an instantaneous response of the
mediums. Here, it is assumed that the polarization consists of a linear back-
ground contribution and the one of the particular transition under study. The
background part might be complex but the following explicit calculation address

as only there is the real case.
P = Pb + Ptransition - GOXbE + Ptransition7 (413>

where we will drop the ‘transition’ index again in the following. The refractive
index of the host material is denoted by n;, and the wave number is then k = kgn,,
n, = 1 corresponds to the case of propagation in a dilute atomic vapour.

In the next step, (4.10) and are inserted into (4.9) and only the leading
contributions kept (first derivatives in Ej, constant driving in Py). Taking into
account that the host medium might be dispersive, the group index n, and the

group velocity v, enter instead of phase index and velocity.
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4.1 Maxwell and paraxial wave equation

This leads to the paraxial wave equation for pulse propagation

a 1 a ,k‘// 82 Z w2
(&—f‘v—gaﬁ-lgﬁ) Ey = % <AL+C_§X(EO>> Ey. (414)

The term proportional to k” describing group velocity dispersion is only rele-
vant for pulse propagation and the paraxial wave equation applicable to beam

propagation and cavity experiments is

0 1 0 7 w2
g

Eq. gives the important inside that absorption coefficients per unit
length and per unit time can be converted into each other via the group velocity.

The absorption coefficient for the field in Beer’s law per unit length is:

a = — Imy. 4.16

oy 10X (4.16)

Note that the absorption coefficient for the intensity/energy is twice this value.
Assuming that the total refractive index is ny + n’ + in”, the refractive index

contribution due to the transition is

1
"= —R 4.17
W= SRex (4.17)
and
n' = ! Imy ~ ! Im (4.18)
- 2(774, + Tl/) X an X ’

where it is assumed that n/, n” << 1, which is necessary for the validity of the

paraxial equation.

4.1.1 Confinement factor

Propagation in photonic devices is often characterized by the fact that the overlap

between field and active medium is not perfect. This is characterized by a modal
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4.2 Optical Bloch equations

gain (or susceptibility) or confinement factors arising from an overlap integral

< o factive dV‘ (l’, Y Z>|
X >=X
Jeavity VI E (2,9, 2)|

cavity

=TIy (4.19)

The confinement factor results from a combination of transverse and longitu-

dinal overlap and interference effects,
I'=Tans iy (4.20)

d/2
S d/2 dy| E(y)

lians = —1o———— (4.21)

S dylE(y)|

where d is the layer thickness or aperture width. I'y...s is typically 1 in
VCSELs and 0.03-0.01 in edge emitters with single action layer. The longitudinal
confinement factor is:

Ly
I = A (4.22)
takes into account that typically only a fraction L4 of the total cavity length L
contains the active medium.

I, takes into account that in a VCSEL the active layers are typically close to
an anti-node of the field where forward and backward field interfere constructively.
Hence the value is nearly 2 for a single quantum well and about 1.8 for a group
of 3 quantum well (or quantum dot layers). We only concern with edge-emitting

samples where I', =1, I, = 1.

4.2 Optical Bloch equations

The interaction of light with a 2-level medium can be calculated by the density
matrix approach, e.g. M], see also ] The result is given by the following

set of equation:

%Po — iADy + z% EyAN — TP, (4.23)
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4.2 Optical Bloch equations

%AN _ %(E{';PO — ByPy) — T1(AN — Np) (4.24)

where AN = Np(p11 — po2) is an inversion density, Np the density of the

absorbers, p the dipole matrix element of the transition, A = wy—w, the detuning

between laser and atomic resonance, I'y the homogeneous linewidth (HWHM) in
angular frequencies and I'y the decay rate of the inversion.

Since in systems with strong interaction with the environment (semiconduc-
tors, atomic vapors in a buffer gas atmosphere) typically I'y >> I'y, the polariza-
tion can be adiabatically eliminated. The stationary solution for the polarization
is given by:

p 1
=7= ) 4.
PO ZhFQ—ZAEOAN ( 25)

Inserting this into the equation of motion (4.24)) for the inversion gives:

d 44
AN=——"1"__ AN |E,|?
dt 2%2*h2T, | Eo |

1

Tz~ (AN = Np), (4.26)

where A = A /T, is a normalized detuning. The stationary solution is

N
AN = ——2 (4.27)
| ol
1+ ()
where the square of the saturation field strength is
o 2% RAT,T
EJ=(1+A)""—*— 4.28
B = (14 8 T2 (128)
The susceptibility of a two-level medium is then found as
o i—A o oi—A Np
hEOFQ 1+ A2 h€0F2 1+ A2 |Eo|
1+ oAl
It is often useful the to define a lineshape function
i— A
= _ 4.30
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4.2 Optical Bloch equations

which gives
0 Np

X = X . (4.31)
heols %
1+ <|Es\>
The rate of spontaneous emission I'; can be related to the dipole matrix
element
3
9 mc’heg
=T . 4.32
H 1 wgnb ( )
This gives the susceptibility in terms of directly measurable parameters
Fl 7TC3 - ND
X = F_Q wgnb X ol PR (433)
0 0
t+ (f2)
The small signal absorption coefficient in line center is
2 T 2
ap= 1% N = 2Ly, T (4.34)

= D — D
27’Lth€0F2 FQ 20)8712

4.2.1 Propagation in two-level systems

The equations of motion describing propagation in a two-level medium without
feedback are from eq.(4.15), eq.(4.25) and eq.(4.30):

AN
0.y =i——— A, By + i Dyrans 00X —— Ey (4.35)
NpWo ND
QAN = oA Y'AN | Ey > =T (AN — Np). (4.36)
2+2+h2T,

The transmitted field after a thin layer of matter, thin enough such that

diffraction can be neglected, with thickness L4 is given by:

Eo(x,y,z+ La) = exp [i%x(m, y)La] Eo(z,y, z). (4.37)
b

The local power transmission is

T(z,y) = exp [—%Imx(m, y)La} . (4.38)
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4.3 Theoretical model

The total power transmission for a circular Gaussian beam with a radius wq

1S

_9 z2+yz
Ty

o0 (o] 2
T— / / drdy exp {—:—;Imx(x,y)[/a] e (4.39)
—o0 J —00 0

and for an elliptical beam with principal axes w,, w,

00 00 2 9 22 | 42
T = / / dxdy exp {—ﬂlmx(:p,y)[/a} e (wf%Jr“f%). (4.40)
—00 J —0co nyC

W W,

In an edge-emitting structure, x(z,y) is usually assumed to be constant over
the active area in the y direction due to its thinness compared to the beam width
and zero otherwise. Then the integral in y can be performed easily and it turn
out that the two-dimensional susceptibility can be replaced by a 1D one with two
confinement factor. As consequences it is sufficient the equations for field and

transmission only in 1D.

X(:L‘7y) — Ftrans)dx)‘ (441)

The transmission is given by:

V2 pe?

v 4.42
Tras € (4.42)

T:/ dx exp [—ﬂljtmnslmx(x)[/a}
_ nyc

o0

4.3 Theoretical model

Following the approach developed by ﬁ;& ’E(Sh for carrier dynamics in QD we
are modeling the ensemble of QD absorbers as a collection of inhomogeneously
broadened two-level systems characterized by a homogeneous linewidth ~, peaked
around a frequency w¢ with coupling to a wetting layer (WL) as described in
Fig. [4.1.

This is due to the fact that the way to grow QD is the Stransky-Krastanov
growth mode, where QD have non-identical heights, results in a broadening of

the spectral linewidth of the dot ensemble. Carriers in the excited states of the
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4.3 Theoretical model

n(o,)

Frequency

Figure 4.1: Inhomogeneous broadening of a population of two-level systems. At a
given frequency, wy, light experiences the contribution of various classes
of QD, both on the high- and low-energy side of their resonance

QD ] are not explicitly taken into account but it is assumed that WL and
excited states constitute a common reservoir for the QD ground state population
dESh Due to the large separation between the lifetimes of the carriers in the QD
ground state (100 ps to 2 ns) and the fast coupling between the other states to
the ground state (100 fs to some ps) H 149] the details of this coupling are
not very important for the properties of the cw state, if probing and pumping
are done at the same frequency. Hence, we will use ‘QD population’ synonymous
to ‘QD ground state population’ and ‘WL layer population’ synonymous to ‘WL
and excited QD state population’. The contribution of each quantum dot size

class is accounted for by a statistical weight:

G(A;, A) = A — ﬁA)T

1
VAT ) P {‘ (87

— mexp [— <%>1 (4.43)

where wy is the frequency of the light field interacting with the QD, A; =
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4.3 Theoretical model

(WS —wp)/T" is its normalized detuning from the QD population line center, A =
(Wa — wo)/7p is the single dot detuning from resonance and v, and I' are the
homogeneous and inhomogeneous broadening parameters.

The equations of motion for the electron and hole population in the QD,

n¢, n and in the WL, N¢ and N", are for driving with linearly polarized light:

on®" h |EJ? h
= “Inr @ c —1II) &
p v [n + [T A2 (n®+n )
By Nl n® (1T — n") F Bep Niy 0 (I — n®) (4.44)
ot — NG — )
ONG . . .
_a;VL = AWV [ — A+ Nyl — et / n"G(A;, A)dA

—osh NoI / (I — n*MG(A;, A)dA] (4.45)

cap
BN, / ne(T1 — n")G(A;, A)dA

+B., Ny, / n"(IT — n®)G(A;, A)dA.

Here v,, and V1 denote the decay rates of carriers in the QD and the WL,
respectively. FE represents the optical field strength, A the injection current,
IT = 2 the level degeneracy for the two opposite spins. All parameters are suitably
scaled @; ] The equation for the carrier populations need to be solved for
the different size classes: i.e n®" = n®"(A). We use 61 classes in our code. We
do not consider coupling between QDs due to diffusion in the WL because the
effective diffusion length is not larger than 1 pm [150] and we are interested in
structures on a larger scale. The terms in the second line of Eq. (4.44]) and the
third and last lines of Eq. (4.45) represent Auger processes coupling the carrier
populations in WL and QD as illustrated in Fig. 151]

The other coupling processes present in Eqs. (4.44)), (4.45) are thermally acti-
vated escape from the QD to the WL and the capture of carriers from the WL into
the QD. When we account for the energy level spreading of dots, the capture ..

and the escape coefficients o, can be phrased as [28; 146]:
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4.4 Parameters used for the simulation
0 . &

. j
o
Figure 4.2: (a) Auger capture process of type I represented by the coefficient Bp:
a WL electron is scattered into the QD and a hole is scattered from
the QD to the WL; (b) Auger capture of type II characterized by the

coefficient By, : a hole from the WL is scattered into the QD and an
electron is captured from the QD in the WL.

Yese = i/esc exXp <_£ﬁAZ) exp(ﬁA), (446>
P
B r
Tcap = Tcap EXD (—BAZ) exp(—(A), (4.47)
Tp

with 8 = hy,/kyT (kT thermal energy).

The direct physical interpretation of 7.4, is that when the difference in energy
between the WL and the GS is bigger, the carrier lasts long in the ground state,
i.e., it is more difficult for it to escape into the WL. 7. is just the inverse of the

escape time, 759 oc exp [(Ew, — Egs)/kpT).

4.4 Parameters used for the simulation

The parameters used for the simulations and the model are summarized in table

4.1. We are choosing parameters typical for InGa QD emitting in the 1.3 pm
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4.4 Parameters used for the simulation

region at room temperature @; ; @; @; @]

Table 4.1: Value of the parameter used for the simulation and in the model

Parameter Normalized value Real value
Non radiative decay rate for e and h in QD (7,,) 0.15 78 ps
Non radiative decay rate for e and h in W1 (yV'1) 0.15 78 ps
Capture rate cross section into the QD(0cqp) 500 6.4 ps
Escape rate for electron from the QD (~5,,) 0.01 667 ps
Escape rate for hole from QD (17, 100 0.067 ps
Thermal imbalance in QD occupation (A) 0.02 0.2
Pumping rate in the WL (A) 1.8 0.46 s~'cm?
Auger coefficient (By,) 200 6 x 10! cm? 571
Auger coefficient (B.) 200 6 x 10" cm? 57!
Cavity detuning () -2 -2
Detuning normalized to I' (A;) 1 300
Linewidth of homogeneous broadening () 15 15 nm
Linewidth of inhomogeneous broadening (I") 60 60 nm
Quantum dot sheet density (Ngp) 5% 10 em™
Number of QD layer (N;) 10
Spacing (d) 10 x 3.9 x 1078 m
Length of the sample (L,) 1 mm
Dipole matrix element (1) 1.23 x 1072 Cm
Wavelength () 1.3 um
Radiative lifetime 0.5 ns
Confinement factor (I'y.qns) 0.094

The equation for the conversion that led the scaled unit to the normal one

are described below. Starting from the time scale of 11.7 ps chosen for historical
reason ] and because is in between the fast time scales governing the GS-WL
dynamics and the slow role of the GS population, more than 10 ps. This led to
the value for the non radiative decay for electrons and holes of 78 ps. The capture
rate instead is given by 0eup = (0cap/7)=6.4 ps~t. The escape coefficient rate for
electron is given by 7¢,. = 7%,./Vnr=0.067 ps~'.

The thermal imbalance in QD occupation is given by A = hy,/(k,T") where
h=1.05x%x1073* Js, ky, = 1.38 x 10723 Cm, and T is the temperature.

The scaling of pump pumping rate is given by A = A/(Ngpy)V'*) = 0.46 s !

2

xcm?. The auger coefficient are scaled as Bpeen=(7nr/Ngp), Bheen = 6 x 10"
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Figure 4.3: Power versus normalized field. The inset shows an enlargement for low
field values.

cm 2 s 7! The dipole matrix element is given by:

3
,  Thyesc
=1 4.48
Il i, (4.48)
the value obtained is g = 1.23 x 1072® Cm for a radiative lifetime of 0.5 ns.

The scaling for the field is given instead by:

hg " 1/2
7 ) (4.49)

E = Enorm (
2412

where FE,,.n is the normalized field strength. From that we can infer the
intensity given by: I = (nyce,/2)E?. To scale in power we need to multiply by
the active area:

p_ Twywym
2

where of w, = 1.55 x 107® m is the radius of the fundamental mode in the

(4.50)

slow direction and w, = 0.5 X 107% m is the same for the fast axis. This led to
the scaling in power of Fig. 4.3.
From Fig. 4.3 is possible to infer the relevant corresponding power compared

to the field. It is worth to spot the relation between field strength and power.
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4.5 Modal susceptibility of self-assembled quantum dot

These value led to < ap; >= 26/cm in good agreement with observation

d&; ’EQ] and is actually a conservative value.

4.5 Modal susceptibility of self-assembled quan-

tum dot

The imaginary and real part of the normalized susc%ibility X1, describing the
4

] :

strength of light-matter interaction are given by [28; 6

Im(x;) = —/ ; —|—1A2 (n® 4+ n" — m)G(A;, A)dA (4.51)
Re(xr) = —/ 1 +AA2 (n® +n" — m)G(A;, A)dA (4.52)

Here, for (energetically) deeply buried QDs, we neglected possibly contribu-
tions from the WL states and high-level QD states 133?]

principles in a first treatment.

in order to elucidate the

The numerical code (Fortran 77) obtained from University of Bari has been
adapted for the present situation. The spatio-temporal dynamics of Eqs. (4.44),
(4.45)) are directly integrated using a split-step operator integrator, in which non-
linear terms are computed via a second order Runge-Kutta method and the Lapla-
cian by a fast Fourier transform (FFT) [153] on a transverse computational mesh
of 64 grid points.

Eqgs. (4.44), (4.45) are solved numerically for a cw Gaussian input beam
E(x) = Ey x exp (—z?/w3) on a numerical grid with 64 space point and a beam
waist wg of 15 points. The number of iteration is 8000, found to be sufficient to
approach an ”asyntothic” level.

The equations for the quantum dot case are obtained from eq.(4.32) by in-
serting

X = ’ijj—?g’ (4.53)

into the propagation equations for the two-level medium.
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4.5 Modal susceptibility of self-assembled quantum dot

X7 is a lineshape function that takes into account the inhomogeneous broaden-
ing and spin degeneracy and depends on the number of electron and holes n.,ny,
in the quantum dot.

The small-signal absorption coefficient for the inhomogeneously broadened

medium is

apr(A;) = m:%—ifm Nplmy (A, ne =ny =0). (4.54)
In VCSELSs,
Np = N%;Nl (4.55)
in EEL
Np = %, (4.56)

where A; is the detuning to the inhomogeneous broadening line, /V; is the number
of QD layers, d is the total thickness of the active zone (EEL) and L4 the total
length of the active zone (VCSEL). Hence the absorption coefficient per unit
length is independent of the number of QD layers and depends only on Ngp
and thickness of one layer (the distinction is important for the refractive index

though, see below). In the edge-emitting case the modal absorption coefficient is
< aOJ(Ai) >= Ptransao,I(Ai)‘ (457)

In experiments, < ag ;(0) > is often measured. This can be used for the calibra-
tion of density and matrix element, if the integral
I

Imx;(0,n. =np =0) = ’ dA 2 _(F2_>2 4.58
— — — _ r .
x1(0,ne = ny, ) Ny /_ 1 226 P ( )

is calculated numerically

Calculations are performed for the (quasi-one-dimensional) case of an edge-
emitter. The resulting spatial distributions n¢(z) and n”(z) are then used to
calculate the spatial distribution of the susceptibility by Eqs. (4.70) and (4.52).

In order to make a connection to experiments, the scaled units need to be
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4.5 Modal susceptibility of self-assembled quantum dot

related to real ones. The unscaled susceptibility is:

1*Nop Ny

X(Az‘,ne,nh) = ( hegTod
p

) XI(Aiune7nh)7 (459)
from which the absorption coefficient for the intensity can be obtained as

ar(Ay,ne,np) = :—;Imx(Ai,ne,nh). (4.60)

Here, Ngp is the sheet density of QD, N; is the number of QD layers, d is the
total thickness of the active zone, p is the dipole matrix element. In the experi-
ment, one is not measuring the absorption coefficient directly but transmission.

Typically, the latter will be integrated over the beam in addition:

2\ 1 —24?
T = /exp [—Ttranscur () L) (—) —exp( :2[ )dx (4.61)
w

where I'y.qns is the confinement factor for an edge-emitting structure and L, is

the length of the sample.
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4.5 Modal susceptibility of self-assembled quantum dot

4.5.1 Results

Fig.[4.4]displays the gain, respectively absorption, coefficient obtained from Eq.
in dependence of the input intensity for different detuning. For all curves, it starts
at the small-signal value and then drops to the vacuum value of zero due to the

generation of carriers and the resulting bleaching.
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Figure 4.4: Modal gain coefficient as a function of the normalized intensity in the
center of the Gaussian input beam for different values of the detuning in
the absorption (circles)and gain regimes (squares)

Obviously, the small-signal absorption/gain is highest at A; = 0 and decreases
for increasing modulus of detuning according to Eq. (4.60). The intensity where
saturation becomes apparent seems to increase with increasing modulus of de-
tuning.

The ratio of I'/7, = 4 refers to a Voigt-profile situation. The Voigt profile

154], is a spectral line profile named after Woldemar Voigt and found in all
branches of spectroscopy in which a spectral line is broadened by two types of

mechanisms (homogeneous broadening and inhomogeneous), one of which alone
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4.5 Modal susceptibility of self-assembled quantum dot

would produce a Gaussian profile (usually, as a result of the Doppler broad-
ening), and the other would produce a Lorentzian profile. Since neither ho-
mogeneous nor inhomogeneous broadening are clearly dominating, we fit the
dependence of the gain coefficient on intensity with different models that de-
scribe saturable absorption in the case of two-level systems with inhomogeneous,
ar = agr/v/(1 + E2/I,) and homogeneous, a; = ag /(14 E?/I4), broadening
ﬂlé@]. The latter proves to fit best the simulation. We show in Fig. 4.5 I, vs
A; as extrapolated from the above formula. The saturation intensity is minimal
at A; = 0 and is slightly different for the gain (E? = 6.83) and the absorption
case (E* = 2.99).
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Figure 4.5: Saturation intensity as function of the detuning in absorption A = 0 and
gain cases, A = 1.8.

It strongly increases in both cases for increasing modulus of the detuning,
whereas it should be constant in the strongly inhomogeneous limit M] For an
experimental situation with w, = 15 ym and w, = 0.5 um, E? = 1 corresponds to
a power of 2.1 mW. Hence the minimum value of the saturation power is 3 mW in
the absorption case and 6.8 mW in the gain case. If instead of v = 0.15 (or 78 ps
lifetime), the purely radiative lifetime is considered, the corresponding values are

about a factor of 10 lower and easily accessible experimentally.
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4.6 Self-lensing in self-assembled quantum dots

4.6 Self-lensing in self-assembled quantum dots

Self-focusing or lensing is a non-linear optical phenomenon induced by the change
’inirefractive index of materials exposed to intense electromagnetic radiation [155
156].

A medium whose refractive index increases with the optical field intensity

I

acts as a focusing lens for an electromagnetic wave characterized by an initial
transverse intensity gradient, as in a laser beam M] The peak intensity of the
self-focused region keeps increasing as the wave travels through the medium, until
defocusing effects or medium damage take place.

Self-focusing is an important mechanism for studying transverse effects in
resonators containing a nonlinear medium. One example is Kerr-lens self-mode
locking in solid state lasers [157] or nonlinear spectroscopy [158].

Describing a nonlinear medium in terms of a self-induced lens allows to de-
scribe the nonlinear cavity and medium in terms of a linear one containing a
parameter-dependent lens. In this case the system can be treated with the ABCD
matrix formalism in this way simplifying the theoretical description.

According to @], the radius of curvature acquired by a wave propagating a

distance 0z in a medium with a radially varying refractive index is given by:

R(r) ror

(r)oz (4.62)

For a parabolic variation of the refractive index: n(r) = ng — %7127“2, this is
independent of r and equal to the curvature no, i.e. a perfect lens. Hence, we

can identify an effective focal power:
—=———n(r)dz = nyoz (4.63)
possibly spatially varying and thus representing an imperfect lens.

The refractive index is given by:

1 1 /Jz NQDNl
n=-—Rex=-—-—=+
2’/’Lb 2nb hEOFQ LA

Rex; = AngRex; (4.64)
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4.6 Self-lensing in self-assembled quantum dots

where the definition )
p~ NopN

- 2nbh€0F2 LA

enables us to split the refractive index in a normalized part and a prefactor

characterizing the sample under study.

The corresponding value for an edge-emitting device is given by:

2
% NQDNl
A - " T i 4.
< no > 27’Lbh€0P2 trans d ) ( 66)
where d is the thickness of the active zone. Then
1 1 on 10
—=——(r)Lgs=—Ang L - — 4,
7 o (r) La ng La (r 8rReXI(T)) , (4.67)

The curvature of the normalized Rey; is calculated by taking 2 times the
maximum of Rey; minus the symmetric value of Rey; 4 space point and dividing
by the distance between these symmetric point.

Once is determined the curvature, then we need to multiply by AngL 4. Since
the input beam is spatially varying, also the refractive index is. Around the beam
center, the variation is necessarily parabolic. If the refractive index distribution
would be a pure parabola, the focal power would be constant over the whole beam,
thus implying an aberration-free equivalent lens. In reality, this is obviously not
the case because the pumping Gaussian has an inflection point. Nevertheless the
parabola is often a good approximation in beam center where most of the beam
energy is. This was studied in detail in atomic vapors [142]. In any case, the
curvature will give a quantitative indicator for the strength of beam shaping even
if the lens is not perfect. The focusing can be experimentally detected by a change
of the beam width in far field ﬂgﬂjor at some distance after the medium @]
141

(similar as in z-scan techniques [141]). In this first treatment, we will confine

to a thin lens to demonstrate the principles. For a quantitative description of a
real experiment it might be necessary to include absorption and nonlinear beam

reshaping during propagation.
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4.6 Self-lensing in self-assembled quantum dots

4.6.1 Results

Fig. 4.6 shows how the lens power change as function of input intensity for differ-
ent detuning in the absorption case. Apart from the A; &~ 0-case, the focal power
increases from zero with increasing intensity, reaches a peak at an intermediate

intensity and decreases again if the intensity is increased further.
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Figure 4.6: Focal power as function of normalized peak intensity for different detun-
ing in the absorption case.

The sign of the lensing depends on the sign of detuning and whether the
sample is absorbing or providing gain (see Fig. 4.8), as expected. The maximum
lens effect occurs at A; = 1.1 and E? = 9 (P = 19 mW). The focal power is
maximum at an intermediate input power a few times higher than the saturation
power. The intensity needed to obtain maximum lens power increases for increas-
ing modulus of detuning. This is probably due to the fact that the saturation
intensity increases with detuning and the maximum effect is found for the same
saturation condition.

The fact that the maximum focal power is obtained at intermediate input in-

tensity can be explained by looking at Fig.[4.7. For low intensity the curvature
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4.6 Self-lensing in self-assembled quantum dots

follows the curvature of the input profile (‘Kerr-limit’, An(z) ~ |E|*(z)), but the
total effect is low because the excursion from the background refractive index is
small (note that the curve is blown up by a factor of 10). For high intensity,
the excursion is large (Re(x;) becomes nearly zero) but the total focal power is
again low because the curvature is strongly reduced. This is due to the fact that

saturation is effective over a large area at high intensities.

0.4 X 10 ,

I

Re (x)

-2 -15 -1 -05 0 05 1 15 2
Space (x/wo)

Figure 4.7: Spatial profile of the real part of the susceptibility for low (blue line,
amplitude enhanced by a factor of 10), intermediate (black line) and
high excitation (red line). A = 0, A; = 1.1. The total excursion is
An=1.6x10""

The case of intermediate intensity is in between: On the one hand the excur-
sion is of reasonable size, about half the maximal effect, on the other hand the
curvature is still quite close to the one of the input beam. Both is characteristic
for intensity levels around the saturation intensity, i.e. for the onset of satura-
tion, and hence the total effect is maximal. Similar characteristics were found
for atomic vapors M] There, in the homogeneously broadened case, it can be
demonstrated analytically that maximum focal power is found at the saturation
power @]

The lensing effect is minimal at A; = 0. Indeed, in a purely two-level system

no effect at all is expected for A, = 0 because the contributions of blue and
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Figure 4.8: Focal power as function of normalized peak intensity for different detun-
ing in the gain case.

red detuned size classes cancel. It is the thermally induced coupling to the WL
(described by the parameter ) which breaks that symmetry.

Fig. refers to the case of gain of A = 1.8. The values of focal power are
lower compared to the absorption case but they exhibit the same behavior: the
focal length start from a low value to increase up to a maximum at intermediate
intensity to decrease again. The curves are flipped compared to the absorption
case as expected.

In the peak, the predicted lensing effect is actually quite substantial, | f,in| ~
1.7 mm, in a sense, because the focal length reaches the length of the medium
L, = 1 mm, i.e. the point where the approximation by a thin lens becomes
questionable.

These values were calculated assuming an input beam radius of wy = 15 um
chosen because it would be conveniently to work with experimentally and being
somewhat larger than typical fundamental mode sizes in edge-emitting lasers,
i.e. in a range where filamentation phenomena rrﬁigﬁlt occur. The size of cavity

60

D

solitons is also in that range (about 10 pm [126; 1
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4.7 Experimental observability of the lensing effect

4.7 Experimental observability of the lensing ef-
fect

Nevertheless, it turns out that an experimental confirmation is not straightfor-
ward: The modification of the input beam by the lensing of the sample can be
detected by either measuring the on-axis amplitude (being proportional to the
square of the new beam waist of the transmitted beam, w’ 3) or the beam width
in far field (~ 1/w'}) le’)Q] or, more sensitively, by measuring the beam size either
directly or via the transmission through a pinhole at some suitable chosen dis-
tance after the medium as it is done in usual z-scan techniques [141]. Replacing
the medium by a thin lens of focal length f, the size of the new beam waist wy,

can be calculated by ABCD-matrix theory as

wh = Wy ———- (4.68)

For an input beam waist of wy = 15 um and a thin lens with f ~ 1.7 mm, the
new beam waist is wg = 14.3 um at a distance of 0.16 mm from the back focal
plane of the lens. This rather small change in beam is quite difficult to detect.
Eq. says that the effect becomes more pronounced if the initial beam radius
is increased (at constant f), being substantial if the Rayleigh length of the input
beam z, = Tw3 /) is of the order of f. In reality, however, the focal length scales
like f ~ w?, since, as discussed for Fig. the curvature of the susceptibility
profile follows the curvature of the input beam in first approximation for not
too strong saturation (see [142] for an analytical treatment). Hence, actually the
strength of the detected signal can’t be influenced by choice of the input beam
size.

However, due to the approximately quadratic dependence of the ratio of w32/ f,
the situation rapidly improves with increasing focal power. For example, a change
of size by 20%, which should be experimentally detectable, is reached already for
a focal power of about 1000/m, i.e. only about two times the maximum value

reported in Fig. 4.6, Fig. [4.8.
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4.8 Variation of the parameters

4.8 Variation of the parameters

Since it appears that the numbers are somewhat at the edge, it is useful to
discuss the influence of other uncertainties, e.g. the exact nature of the relaxation
processes between the QD and WL states. First, we changed the ratio between

the electron and hole escape from 10~* to 1072 and 1.
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0.2
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Figure 4.9: Real and Imaginary part of the linear susceptibility as function of detun-
ing for different ratios between homogeneous and inhomogeneous broad-
ening.

For detuned excitation (A; = 1.1), the effect on Re(x;) is negligible and about
22% on Im(x7). At resonance (A; = 0), the values are 19% on Re(x;) and 6% on
Im(x;). Switching the Auger processes completely off, on resonance the change of
Im(x7) is 21% and 60% for Re(x;) (but the total value is very small as discussed
above). For A; = 1.1, the change is 64% for Im(x;) and 7% for Re(x7).

Fig. shows how real and imaginary part of the linear susceptibility change

as function of detuning for different ratios between homogeneous and inhomo-
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4.9 Nonlinear index shift

geneous broadening. Since the linear susceptibility defines the maximum value
of the nonlinear index change, this provides a good guidance on the maximum
effect to be expected. Choosing a ratio of I'/v, = 10 instead of 4 decreases the
maximum of the real part of the susceptibility by a factor of 2.1. For a ratio of
I'/~, = 1, it is a factor of 2 higher. Hence, at constant ,, one can expect to ben-
efit from improved growth with a reduced inhomogeneous broadening [161; 162].
Note that increasing 7, at constant I' is not beneficial because the increase of the
scaled susceptibility is sublinear (Fig.[4.9) and is overcompensated by the depen-
dence of the proportionality factor between scaled and unscaled susceptibility on
Yp, see Eq. [4.50]

We conclude that though uncertainties in the relaxation constants will influ-
ence the measurements quantitatively, our overall conclusion that the lensing is
at the edge of being detectable is not changed.

Finally, the carrier lifetime in the QD was assumed be 78 ps, much smaller
than the radiative lifetime of 500 ps. This was done on the one hand to be
on the conservative side with respect to the possible influence of defect induced
recombination and on the other hand to reduce the computational load, which
is rather high due to the separation of time scales between scattering processes
between WL and QS and carrier lifetime in QD and due to the fact that the
carrier density needs to be spectrally and spatially resolved in our case. We
did some test runs using a lifetime of 0.5 ns which yield an increase of 10% in
saturation and negligible effect in lensing. Note that the influence of the lifetime
on the scaling of the saturation power can be treated exactly without additional

calculations (as discussed above) due the way the equations are scaled.

4.9 Nonlinear index shift

A very sensitive approaches to obtain refractive index shift is to measure the shift
of the resonances of a Fabry-Perot cavity with QD (e.g. a laser below threshold
or without electrical injection). If n, ~ 3.41 is the background index, the shift of

a cavity resonance expected as function of wavelength is given by:
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4.10 Spectral hole burning in self-assembled quantum dots

AN =" (4.69)

where An is the maximum refractive index shift and is on the order An =
1.6 x 1074, see Fig. 470 For A\ = 1.3 um the expected shift is 0.06 nm. For
A = 0.8 pm it is 0.037 nm.

This is a quarter of a free spectral range of a 1 mm sample and one free
spectral range for a 4 mm sample for A = 1.3 um , hence it should be possible to

detect in experiment, as discussed later in the thesis.

4.10 Spectral hole burning in self-assembled quan-

tum dots

When a large flux density of monochromatic photons at frequency 14 is applied to
an inhomogeneously broadened medium, the gain saturates only for those atoms
whose lineshape function overlaps 1. Other atoms simply do not interact with
the photons and remain unsaturated. When the saturated medium is probed by
a weak monochromatic light source of varying frequency v, the profile of the gain
coefficient therefore exhibits a hole centered around vy, as illustrated in Fig.[4.10.
This phenomenon is known as spectral hole burning. Since the gain coefficient
Yoarra(V) Of the subset of atoms with velocity vz has a Lorentzian shape with
width d,,, it follows that the width of the hole is d,,. As the flux density of
saturating photons at 14 increases, both the depth and the width of the hole
increase.

The spectral hole burning (SHB) of self-assembled QD is a nonlinear optical
effect in zero-dimension [163].

First observation of SHB in photocurrent spectra of InAs self-assembled QDs
has been addressed by ] At 5 K, a narrow hole with width of less than 1
nm was observed and the hole depth increased as electric field increased with the
writing light power of 8 mW. The hole was observed up to 40 K. Heotz et al. leSE)]
observed SHB for self-organized InAs/GaAs with Full Width Half Maximum of
the spectral hole of 190 peV. Also direct observation of the coherent hole in the

100



4.10 Spectral hole burning in self-assembled quantum dots

Gain coefficient

=Y

Figure 4.10: Gain coefficient saturated by a large flux density at frequency 14 ]

spontaneous emission spectra with a width of 500-600 GHz hole in a saturated
quantum dash amplifier is reported in ]

An important application of spectral hole burning is resonant high-resolution
spectroscopy [167] in the spectral range beyond that covered by single QD spec-
troscopy.

Our model allows to get an estimation of the spectral hole burning at room

temperature. We follow the equation:

1
Im()([, Az) = - / m(ne + nh - T)G(Al, A)dA (470)

and choose different value coming out from the numerical simulation of the
value of n¢ and n” depending on the intensity of the normalized field (E). Fig.
shows how the imaginary part of susceptibility change for different detuning and
increasing field. It is possible to see that the effect becomes recognizable when
the field is quite high, E = 10. The whole profile decrease and the hole becomes
deeper.

The profile is asymmetric especially at starting normalized field of E = 10.

As looking at Fig. /4.3 a field strength of 10 correspond to an optical power of
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4.11 Linewidth enhancement factor for quantum dot

already 250 mW. The strong broadening is expected due to high saturation. The

large width expected due to coupling via the wetting layer.

0.025

—E=10
—E=15

0.02¢

Figure 4.11: Imaginary part of susceptibility as function of detuning for pumping
at Ai = 0, A=0.

4.11 Linewidth enhancement factor for quan-

tum dot

Since the refractive index is related to the real part of the susceptibility and the
gain is linked to the imaginary part of the susceptibility, the a-factor can be

evaluated as [28]:
_ dRe(x)/dN

“r dIm(x)/dN
N is the total carrier density N = [(n, + n,)G(A)dA defined as the total

density of electrons and holes. We took the rate of the difference of the beam

(4.71)

center of real and imaginary part of susceptibility for different detunings. The set
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4.11 Linewidth enhancement factor for quantum dot

of parameters adopted for the calculation of the susceptibility and of the a-factor
are the same reported for the previous simulation. In order to calculate the a-
factor we must consider a fixed value of A\; and then make a scan over the carrier
density so to calculate in a numerical way the derivative of the susceptibility with

respect to N.
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Figure 4.12: a-factor as function of normalized peak intensity for different detuning
with A = 0.

Fig. [4.9] shows how the a-factor evolves as function of the normalized peak
intensity for different detuning. It is possible to see that the « factor for negative
detuning (§; = —1.1) is negative for almost all the peak intensity, increasing only
at very high intensity. For A; = 0 it stay constant to zero until it increase to
almost 4 at very high peak intensity. For positive detuning it is constant positive
until some point to increase again. Fig. [4.9 is related to Fig. indeed the

change of sign of the a-factor is related to the change of sign of A; as expected.
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Chapter 5

Saturation of gain and absorption
in quantum dots with

continuous-wave driving

5.1 Introduction

We report, in this chapter, studies on the interaction strength information be-
tween continuous wave (cw) laser and self assembled quantum dots, as a function
of power in the form of the absorption coefficient and gain. Firsts are reported
studies on using equal QD diode as slave and master but with no idea of coupling
efficiency between them. After a new technique is developed to couple ligth in

QD diode and results are presented.

5.1.1 Background information

An important information in many experiments on self-assembled InGaAs quan-
tum dots is the interaction strength between the dots and a laser. This informa-
tion is useful, in low temperature as well as room temperature regimes, and in
nonlinear as well as linear absorption regimes |168; %j] Quantum computing
experiments, for example, deal with 7 pulses in order to make qubit flips and

lower temperatures in order to take advantage of long dephasing times.
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5.1 Introduction

So far absorption measurements have proven very difficult to perform on dots,
primarily due to the small net absorbance of a layer of dots at normal incidence,
as also discussed theoretically in Chapter 4.

One way to overcome this problem is to embed quantum dots in a waveg-
uide, where the interaction length is increased. However, this introduces a new
problem, in that the input and output coupling are very difficult to determine.

Absorption of dots has been directly obtained by multi-bounce measurements

170]. In this case light that is coupled out of the waveguide is mixed with a
gating pulse in a nonlinear crystal. By scanning the delay of the gating pulse, is
possible to resolve the waveguide output and have information on gain. Pump-
probe differential transmission experiments performed in heterodyne detection
HL149; 171;
dots.

But up to now, there are few investigations on nonlinear optics of QD sam-

172] also revel gain dynamics and saturation behavior of quantum

ples with cw beam, probably because most researchers consider the case where
excitation takes place via the wetting layer and not by optical excitation of
the ground state. Important work has been done on gain saturation dynam-
ics and filamentation characteristics of broad-area lasers based on quantum dot
dl?ﬂd; 135; 173 174‘; 175 176‘].

The latter indicate that phase-amplitude coupling is in tendency lower in QD

9 9

than in quantum well samples [177]. In addition, the physical processes involved
are rather complicated and partially still unclear. Hence, it appears important,
to perform first studies on saturation properties of QD samples with cw driving
field.

Two kinds of samples has been investigated: one broad-area with tilted stripe
and other with straight one. The advantage of the first is that the tilt of the
stripe avoids back reflection from the facet. But after several experiments with
different setup involving cylindrical optics to keep the coupling in the fast and
slow axis constant and optimal, have proven very difficult and unsuccessful to
couple light to these samples and hence to perform measurement. This reason
has led us to turn the attention to samples with a straight stripe and a ridge

waveguide.
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5.1 Introduction

5.1.2 Model of saturation of absorption and gain

Saturation of absorption (SA) takes place when the rate of generation of excited
states is equal to the rate of its depletion by stimulated emission and excited state
relaxation ﬂ143]. At sufficiently high incident light intensity, atoms in the ground
state of a saturable absorber material become excited into an upper energy state
at such a rate that there is insufficient time for them to decay back to the ground
state before the ground state becomes depleted, and the absorption subsequently
saturates @; @]

Saturable absorbers are also useful in laser cavities. The key parameters for
a saturable absorber are its wavelength range (where it absorbs), its dynamic
response (how fast it recovers), and its saturation intensity and fluence (at what
intensity or pulse energy it saturates). They are commonly used for passive Q-
switching.

The optical intensity variation of the laser beam propagating through a thin
saturable absorber is governed by differential equation. Within simple model of
saturated absorption, the relaxation rate of excitations does not depend on the
intensity. Then, for the continuous-wave o{pgation, the absorption rate (or simply

78

absorption) is determined by intensity I [178], as discussed also in Chapter 3:

dr
dz

where I is the optical intensity and Z the propagation distance inside the

—Ot([)] (51)

sample. The variation of the absorption coefficient with intensity, in general, is

expressed as m; %; @]

Oz([) = 11 T (52)

Isat

where o) is the low intensity absorption coefficient and L, is the saturation
intensity.

A strong, narrow-band laser field saturates one segment of the inhomogeneous
absorption profile (e.g., Doppler broadening), leading to decreased absorption.
Malcuit et al ] proposed the following equation for this kind of inhomogeneous

saturation:
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5.2 Saturation of gain in InAs quantum dots

&(0)
Q= 75 (5.3)
(1+ 7-)12
An other model was proposed by Samoc et al [182] :
@0
CY([) = (5.4)
1+ ()12

Saturation of absorption, which results in decreased absorption at high inci-
dent light intensity, competes with other mechanisms (for example, increase in
temperature, formation of color centers, two photon absorption, etc.), which re-
sult in increased absorption ; @; ] In particular, saturable absorption
is only one of several mechanisms that produce self-pulsation in lasers, especially

in semiconductor lasers [186].

5.2 Saturation of gain in InAs quantum dots

In order to obtain absorption and gain information on quantum dots, it is possible
to utilize two equal quantum dot laser diodes, and use one configured with feed-
back as source (master) and couple the light into the other (slave). The slave can
be used for measurements in absorption and gain, the latter achievable increasing

the current with a current driver. This will be the topics of next section.

5.2.1 Experimental setup

The setup utilized for the experiment is the following showed in Fig. The laser
used for injection is a quantum dot edge-emitting diode from Innolume GmbH
with a length of L = 4 mm and a stripe width of w = 5 pm. The structure is
similar to that used in Chapter 2, section 2.4.1. The front facet reflectivity is of
order of 1 % and the back facet reflectivity is 99 %. The laser is mounted on a
C-mount and the temperature is controlled by a Peltier element.

Feedback is provided in Littman scheme with a diffraction grating (DG) that
has 1450 lines/mm. A Littrow scheme was also tested also yielding higher power
and threshold reduction, which is in accordance with expectation but in Littrow

configuration the beam position move over distance in position when wavelength
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Figure 5.1: Experimental setup: quantum dot laser (QDL), mirror (M), diffraction
grating (DG) , aspherical collimator (C1) (f = 3 mm), aspherical colli-
mator (C) (f = 8 mm) , L1 ( f = 50 mm), L2 ( f = 200 mm), L3 (f =
50 mm), filter (D), Photodiode (Pd1,Pd2), Optical Spectrum Analyzer
(OSA), beam splitter (Bsl, Bs2), L4 ( f = 100 mm), L5 (f = 50 mm),
L6 ( f = 75 mm), filter (F).

is tuned, so it is not suitable for precision measurement over different wavelength.
After the DG there are two lenses L2 and L3 to collimate and shape the beam
and then an aspherical lens C1 of focal length 3.1 mm and numerical aperture
NA = 0.68 to focus the beam into the other diode.

The slave diode used is the same one as the injected one, also temperature con-
trolled. Two amplified InGaAs Pin photodiode (Hamamatsu-G8370-03) are used
to record data through a National Instrument card (DAQ) controlled in real time
with Labview. An InGaAs camera also monitors constantly the superposition of
the two beams.

Fig.[5.2/shows the spontaneous emission spectra of the diode used as slave for
several currents starting at [ = 150 mA. The spontaneous emission spectra has a
Half Width Half Maximum (HWHM) of 6 nm for current less than I = 500 mA,
after that lasing emission took place. The PL has three lobes, first one centered
at A = 1220 nm, the second one to the gain peak, A = 1235nm, and the last one
at A = 1245 nm.

There is no evidence of lasing emission from the first excited state (ES1) and
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Figure 5.2: Spontaneous emission from the QDL diode, inset intensity vs current
showing the threshold of lasing for the ground state of the diode.

from the wetting layer (WL) increasing the current until maximum current level.
The inset of fig. shows the LI-curve of the slave diode. The diode has a
threshold current of I = 500 mA at T = 14 °C.

5.2.2 Coupling to the waveguide

It is important for this experiment to have a good coupling into the waveguide
due to the smallness of it. Indeed the beam radii of the mode intensity profile of
the waveguide are w, = 3 ym and w, = 0.6 pm. To achieve the maximum
coupling different method have been tried.

First has been looked with the camera, fig. [5.1, to see the overlap between
the two beam: one of the (master) diode reflected by the (slave) diode and the
one coming out from the slave itself. If they interact, the intensity of both beam
should be more than the normal superposition of the two. Fig. 5.3 shows three
different beams taken with the camera. Fig.[5.3[a) shows the reflection of the
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Figure 5.3: (a) Master diode beam reflected into the camera (b) Slave diode Photo-
luminescence (c) Interaction of the two beams.

master from the slave diode. The beam is quite scattered basically due to the
material interaction and dispersion. Fig.[5.3(b) shows an image of the slave diode
when fixed at a current of I = 50 mA. Fig. [5.3(c) is taken instead when both,
master and slave, are superimposed. It is possible to see that there is interaction,
Fig.5.3(c), due to the fact that there is more light when both are together than
the sum of the two.

An other indication of interaction comes out looking at the amplified spon-
taneous emission spectra of the slave diode as it evolves increasing the injection
power of the master diode. Fig.[5.4(a) shows a zoom of the optical spectra taken
with the optical spectrum analyzer centered around the gain peak. The spon-
taneous emission spectra of the slave diode decrease with increasing injection

current of the master diode due to depletion of carrier fig. [5.4(a).

It is possible to use the gain material of the slave diode to induce lasing and
188; 189;7190].

injection locking using only the master diode, as achieved in d18'ﬂ;
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Figure 5.4: (a) Spontaneous emission spectra reduction as increase the pump power
of the master diode (b) Slave lasing as increasing the master current.

Fig. [5.4(b) shows the evolution of the beam injected by the master diode, then
reflected by the slave diode and recorded by the optical spectrum analyzer. At
[ = 121 mA lasing emission start to took place. Fig. [5.4(b) shows that the
spontaneous emission decreases again as the injection increase.

Once there are all these good indications of coupling to the waveguide, the
final adjustments come out looking at the signal on the output detector and
precisely adjusting the beam path with hight precision translation stages in such

a way to maximize the amplification of the overlap.

5.2.3 Experimental results

Measurements have been taken, at fixed wavelength of the master diode, tuning
the current of the diode, and recording the input signal on the first photodiode
(PD1) and the one reflected by the second diode on the output photodiode (PD2),
ref. Fig.[5.1l After the data have been taken, through Labview programme, it is
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Figure 5.5: Gain coefficient as function of power for increasing current at
A = 1240 nm. The ripple present in the graph are probably due

to the fact that the laser hits resonance.

possible to analyze and calibrate the signal according to the gain setting of the
detectors (four stage possible) and the splitting ratio present in the setup. To
get a better resolution in the measurements and good signal to noise ratio we
increase the sensitivity of our detectors especially at lower power level, i.e. curve
without current and low current one. Also in the measurement with fixed current
of the slave diode it is removed the offset due to the spontaneous emission of the
sample in the output detector.

Once calibrated the data it is possible to calculate the gain coefficient expresses
as 1/2L log( Tou/lin) where I, is the signal in the output photodiode and I;, is
the signal of the input photodiode, . = 4 mm is the length of the diode.

We use 2 in the expression of the gain coefficient case due to the fact we
initially consider that cavity effect can be important especially close to threshold
and the system can be considered as two-pass amplifiers. All the measurement

are not calibrated for the coupling efficient. Indeed was very demanding to have
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an idea of the coupling to the waveguide of the sample.
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Figure 5.6: Maximum gain as function of wavelength for increasing current.

Fig.[5.5/ shows how the gain coefficient changes as function of injected power
of the diode for increasing current. The current of the master diode is increased
in steps of 1 mA from threshold up to 1000 mA, with a delay between each
data of 2 second. The wavelength of the injected beam is fixed in this case
at A = 1240 nm. Without current in the slave diode, it possible to see that
the small-signal gain coefficient is fixed at constant value of -24 cm ™! increasing
slightly at injected power level above 14 mW, an indication of nonlinear trans-
mission and saturation of absorption.

The small-signal gain increases for increasing current of the slave diode, as
expected @; @] At higher current, still below the threshold of the laser, the
gain coefficient is almost constant and doesn’t change, also reported in @; ]
For higher current, below lasing condition, is possible to notice that the gain

coefficient saturates for higher injection power.
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Figure 5.7: Gain peak as function of increasing current for different wavelength.

Fig.[5.6/shows the peak small-signal gain achievable by the system as function
of wavelength for different current level. The peak gain increase with increasing
current and is more relevant at wavelength around A = 1230—1235 nm as expected
from the PL.

Fig.[5.7 shows the evolution of the gain peak as function of current for several
wavelength starting at A = 1213 nm up to A = 1250 nm. For low current levels
the gain is quite constant at fixed value depending on the wavelength. Then it
increase linearly for increasing current up to reach a constant value at higher
current. After that the gain stay constant and increasing more the current lasing

emission took place.

5.2.4 Saturation of gain

It is possible to fit the gain coefficient, for the various wavelengths, following

nonlinear fit model as discussed in section 5.1.2.
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Figure 5.8: Saturation of gain with fits, I = 350 mA.

Fig. [5.8 show raw data and fit of the dependence of the gain coefficient on
power with two different models that describe saturable absorption in the case of
two-level systems with inhomogeneous, oy = ay, (1 4+ P/Psa)+c and homo-
geneous, oy = ay /(1 4+ P/Psu)+c, broadening [144] with oy the small signal
absorption coefficient. The fit parameter used are oy, Psq: and c.

Both prove to fit the data well. This can be due to the small scale on the
x-axis, indeed the windows where the data are present is not enougth large to
give sufficient information on what model fit better.

Fig. [5.9(a) shows how the gain coefficient change as function of wavelength.
It has been taken for a fixed current of I = 350 mA, quite below the threshold of
the laser, see inset of. Fig.[5.2!

Fig. [5.9(b) shows instead how the saturation power change as function of
wavelength. It is almost constant to 10 mW to decrease to 5 mW at A = 1240
nm and then to increase again for A = 1250 nm.

Fig. 5.9(c) shows the transmission loss, ¢ parameter of the fit, as function of

wavelength. They are constant around -5 cm ™! until A = 1240 and then decrease.
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Figure 5.9: (a)Gain coefficient as function of wavelength at I = 350 mA (b) Power
saturation as function of wavelength (c¢) Losses as function of wavelength.

5.3 Analytical Model

It is useful to analyze the resonance properties of a plano-planar Fabry-Perot
cavity driven by a plane monochromatic scalar light field. Hence cavity effect in

spite of AR coatings are important to address.

5.3.1 Airy function

We are considering an etalon as show in Fig.[5.10. The round trip phase shift is
given by ]:

2
AD = 2n,L cos HA—W (5.5)
0

where L is the length of the cavity, n, is the refractive index of the material
inside the cavity, n; is the refractive index of the material outside the cavity,
is the angle of the incoming beam with the normal, )y is the wavelength of the
light. The reflected field is given by:

116


Chapter4/Chapter4Figs/paramfitgd.eps

5.3 Analytical Model

T, Ry TyR \@

=
|@Lnb n

>

Figure 5.10: Schematic of the Fabry Perot cavity: angle of incidence (6), is the length
of the cavity (L), refractive index of the material (ny), refractive index
outside the material (n;), reflectivity of the first and second mirror (Rq,
Rs), transmission of the in coupling and out coupling mirror (Tq, Ts).

-1+ Reffe—iACD 4 ;%Reffe—iAfb
1-— e_iACDReff

Arp = AoV Ry

where R; is the power reflectivity of the in coupling mirror, Ry is the power

(5.6)

reflectivity of the out coupling mirror, T; and Ty respectively are the power
transmission of the in coupling and out coupling mirror. Ress is the effective
reflectivity Repp = /RiRoV with V = e72*l and 1 — V are the fractional losses
for field during round trip. «; are losses for field per unit length within the cavity.

The reflected intensity is:

(1= Repp)® + AReppsin® 5P 4+ A3t Reppsin® 52 + TLRY, + (72)° ey

Ir = |Al’R < L
7= |l (1= Regy)? + 4Resysin®(52)

(5.7)
The reflected field is a superposition of the transmitted intra-cavity field in
forward direction and the reflection at the first surface. In transmission the field

is given by:

—iAP

Ap = Ag/Ty T,V —2

1 — R.ppe—iA® (5.8)
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where AD
AP, = - (5.9)
describes the phase shift the field is accumulating during one passage through

the resonator. The transmitted intensity is given by:

I,V

Ir = |Ap? 5.10
T | 0| (1 . Reff)Q +4Reff Sin2 % ( )
It is proportional to the intra cavity intensity
I
k:% (5.11)

5.3.2 Results

It is possible to solve the above equation and get an idea on how the gain coeffi-

cient evolve as function of transmission and reflection.

20
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Figure 5.11: Ln (R) / (2L) and Ln (T) / (2L) as function of material gain for
transmission (blue curve) and reflection (red curve) in a Fabry-Perot
cavity.
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5.4 Discussion

Fig. shows how the In(R) as function of material gain for transmission
and reflection. The parameter used are in the table 1.1.

The starting value of the curve corresponding to the reflection is given by
In(R1) / 2L = -5.76. The curve stay constant to that value until impedance
matching is achieved. Impedance matching is for V2R, = R;. From Fig. it
is where the reflection curve has a dip to - 24. After that the curve goes up and the
region relevant to the experiment discussed in the previous section corresponds
to the starting of modal gain of 4 up to 7. After that the emission took place.

The curve of Fig. can be read as variation of gain and absorption as
increasing current or, at constant current, changing modal gain due to saturation.

In transmission, blue curve of Fig. it is possible to see the In(T) change
linearly with the material gain, but in this case we don’t have access to the output

facet due to the HR coating.

Table 5.1: Value of the parameters used for the simulation
Parameter name Value

Reflectivity of in coupling mirror R4 0.01
Reflectivity of out coupling mirror Ry 0.995
Background losses intensity 2;  1.3/cm
Cavity length L 4 mm

5.4 Discussion

The results present in this section are in agreement with gain measurement @;
‘149; 161; 194; 196‘] and theoretical result on gain saturation ; @] The modal

gain of semiconductor materials usually has been be obtained using Hakki-Paoli

9

technique [198] or the Henry technique [199]. Gain of the quantum dot material
can be obtained also following the multi-section method of Thomson et al. [200].

Mi ] find peak modal gains as high as 19 cm™! per QD layer measured in
1.1pm in p-doped QD laser heterostructure. The higher value of gain, compared
with that of conventional QD lasers, is attributed to minimization of hot carrier

effects and a decrease of dot excited states and wetting layer occupation.
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Salhi @] find also that the modal gain increases linearly with the number
of QDs layers and reaches a value of 25 cm™! for devices containing 5 QDs layers

which corresponds to 5 cm™! per QDs layer.

5.5 Saturation of absorption and nonlinear in-
dex shift in InAlAs QD

In this section we report on measurement on saturation of absorption and nonlin-
ear refractive index of InAlAs quantum dot samples. These samples are different
from the previous one in composition and emission wavelength. There is no
excited states. Also they are investigated with a well established tunable and
hight power laser source, in this case Ti-Sapphire that will allow measurement in

transmission.

5.5.1 Sample and Experimental setup

The sample was grown at Laboratory Physics Nanostructure (LPN-Paris) [201]
and is made of 5 layers of InAlj33As quantum dots on As matrix on a substrate
of GaAs tailored for emission at 780 nm (see Fig. [5.12 for photoluminescence
curve for a similar sample). Inside the sample a two-dimensional single-mode
waveguide is fabricated.

The facets are not coated and hence form a low Finesse resonator. The free
spectral range of the cavity is 0.0419 nm assuming a refractive index of n, = 3.51
and a length of the sample of L ~ 2.1 mm.

The experimental setup is show in Fig. [5.13. The laser utilized is a cw
Ti:Sapphire emitting at 780 nm. Part of the beam coming out from the laser
is sent to a wavemeter (WA-1100) and the main part (90 %) is sent to an optical
isolator to prevent feedback from the optics, (Fig. [5.13).

After passing the isolator the beam is sent to a telescope and then to an
acousto-optic modulator (AOM). Two modulated beams are coming out from
the AOM, from those the first modulated one is used. The beam is coupled to
a single-mode fiber. The peak power coupled power to the single mode fiber is
around 50 mW.
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Figure 5.12: Spontaneous emission spectra of a typical InAlAs QD structure. Cour-
tesy of R. Kuszelewicz.

After the single mode fiber there is a polarization control single mode fiber
which enable to select the polarization of the incoming beam.

This is connected to a fiber coupler that splits the incoming beam in 10% and
90%. The weak part of the beam is sent to the input photodiode (Pd1).

The main part (90 %) is connected to a single mode fiber with a lensed output
end. The tapered fiber has a focus spot size of 2 ym and a working distance
of around 40 pum. So from this value appear to be crucial the position of the
fiber. Indeed the Rayleigh length is z, = (mw?2)/A = 16.11 ym. Hence accuracy
precision is crucial and is made with a high-precision xyz-translation stage. The
light transmitted is collected by a microscope objective (Mo2, 10x, f = 8 mm)
also positioned on a xyz-translation stage. A 50/50 beam splitter positioned after
sent part of the beam to a camera and the other part to the output photodiode

(Pd2). A mirror also is located above the sample to collect light from a lamp
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Figure 5.13: Experimental setup: Ti:Sapphire laser (Ti-Sa), beam splitter (BS),
Half wave plate (HWP), Wavemeter (WA-1100), Optical Isolator (10),
L1l (f = 10 mm), L2 (f = 10 mm), acusto opto-modulator (AOM),
Microscope Objective (Mol,Mo2), L3 ( f = 35 mm), mirror (M), Filter
(F1,F2), L4 (f = 50 mm), L5 (f = 35 mm), L6 (f = 35 mm), L7 (f =
35 mm), filter (F1, F2), Photodiode (Pd1, Pd2).

that has been reflected by the sample and sent to a second camera situated close
to the other one.

The temperature of the sample is kept fixed at 15 °C with resolution of 0.01
degree level by a temperature controller (Thorlabs-TED350).

5.5.2 Control of the laser system

The wavelength of the Ti-Sapphire laser is controlled by a Lyot filter in combi-

nation with an etalon. Labview programme simultaneous adjust these.
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Figure 5.14: (a) Lyot filter calibration, (b) Thin etalon calibration

Lyot and etalon are controlled by a motion controller driver (ESP 3000 New-
port). The combination of these two filters results in only one longitudinal mode
of the laser favorable and in a tunability of wavelength of the laser. The Lyot
filter changes the wavelength of the laser by several nanometers, Fig. [5.14(a),
while the thin etalon is for fine tuning the wavelength of the laser, Fig. [5.14(b).

Fig.[5.14(a) shows a typical calibration curve of the Lyot filter obtained mov-
ing the motor with the Labview programme. The shift in wavelength as function
of position is not linear but proceed in steps each one of 0.025 mm. After each
of this steps the laser moves to the successive wavelength, while staying constant
in the range. From fig.[5.14(a) it is possible to infer that to move the Ti-Sa by 2
nm the position of the Lyot has to move of 0.25 mm.

Fig.[5.14(b) shows instead the calibration of the thin etalon. In this case the
excursion where it is possible to move, without jumping, the thin etalon is of 0.45
nm in 0.7 mm movement of the motor corresponding to resolution of the thin
etalon of 1 pm, also the resolution of the wavemeter used to read the wavelength
of the laser. The excursion of the etalon follows a cosine formula, to repeat again
after 1 mm.

So moving the thin etalon, for fixed position of the lyot filter, is possible
to shift the wavelength position of the laser by a few angstroms with a good
resolution ( £1 pm). Each time the wavelength is shifted the Lyot filter need to

be calibrated in position due to the fact that Lyot and etalon are correlated.

123


Chapter4/Chapter4Figs/lyot.eps
Chapter4/Chapter4Figs/et.eps

5.5 Saturation of absorption and nonlinear index shift in InAlAs QD

5.5.3 The imaging system and waveguide coupling

It is important to couple the beam coming out from the single-mode lensed fiber
into the waveguide of the sample with good efficiency. This is made by looking
at the sample with two cameras, Fig.[5.15. The first camera is taking real time
images looking from the top of the sample, Fig.[5.15(a). The second camera is
taking images from the rear of the sample, Fig. [5.15(b).

The sample is illuminated with a high intensity fiber coupled light source
(Thorlabs OSL1). From that it is possible to build an image into the two camera
following the two configurations, Fig. 5.15. In the first one, the light reflected

(@) (b) "7

L5 <>
M L4 Camera
N
T
Mo2
N
y v %
Sample Sample

Figure 5.15: (a) Side view of the system for imaging top view (b) Side view of the
system for imaging the exit facet.

by the sample is collected by a mirror positioned on the top of the sample and
then a lens L4 (f = 200 mm) image it on to a camera. It is also possible to solve
the ABCD matrix of the system for the two configuration to calculate the size of
the image and the distance where it forms. The image after the final lens for the
configuration (a) is at d = 825.05 mm with a magnification of M = -10.

Fig. 5.15(b) shows the imaging system used from the rear of the sample. In this
case it is possible to look directly at the sample side and to view the transmitted

mode of the waveguide. Again before to shine the laser into the sample an image
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is construed with the lamp. The calculated image after final lens is at distance
of d = 233.9 mm and with a magnification of M = -1.49.

Hence it is possible to record and look in real-time at the images of the coupling
with two monitors. From the top view we see the location inside the sample of
the waveguides, (Fig. [5.16-left), so it is possible to position the tapered lensed
fiber at a correct distance from the sample. Fig.[5.16+left shows the image of the
light reflected from the sample. It is possible to spot the three waveguide inside
the sample and the tips of the tapered fiber.

Instead looking from the back, it is possible to position the tapered lensed

fiber in the other two directions.

Figure 5.16: (Left-Image) Top view were is possible to spot the three waveguide,
(Right-image) Rear facet of the sample.

Fig.'5.16rright shows instead the mode of the waveguide in transmission. Both
information are important due to the fact that is very easy to loose coupling to

the waveguide due to the smallness of it.

5.5.4 Results

The system is suitable for absorption measurements. Indeed due to the AOM
there is a signal modulated in power so there is no need to change the power of

the laser.
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Figure 5.17: Plot of the transmission as function of wavelength for different input
intensity, inset smoothing curve and nonlinear fit.

Fig.!5.17 shows the absorption coefficient in dependence of the input intensity
for the gain peak (A = 789 nm). It starts at the small-signal value and then drops
to the value given by the non saturable losses due to the generation of carriers
and the resulting bleaching.

We fit the dependence of the gain coefficient on intensity with different models
that describe saturable absorption in the case of two-level systems with inhomo-
geneous, oy = a;/+/(1+ P/Py)+c and homogeneous, ay = a; /(1 + P/ Put)+c,
broadening ] Both proves to fit well the data, inset of Fig. as the case
of section 5.2.4. From the coefficient of the fit is possible to recover the rele-
vant parameter. The absorption coefficient is of 21.4 cm~!. This will led to an

absorption for QD layer of 4.27 cm~!. The saturation power is of 8 mW.
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5.5.5 Nonlinear index shift

A linear ramp was applied to the acusto-optical-modulator (AOM) to ramp the
incident power. Keeping the position of the Lyot filter fixed the thin etalon was
moved by steps of 0.05 Angstrom. At each step the readings of both photodi-
odes (before and after the sample) are recorded together with the wavelength
measured by a wavemeter (WA-1100). Data were taken around the gain peak of
A = 786 nm.

Each measurement, within a scan of a free spectral ranges of the sample, is
quite demanding cause the Ti:Sapphire has some power fluctuation resulting in
jumps in the wavelength reading of the laser. Sometimes, tuning the wavelength,
the lasers is spontaneously jumping to a wavelength different to the desired one.

So collecting a complete set of measurements took some times.
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Figure 5.18: Plot of the transmission as function of wavelength for different input
intensities.

Fig. [5.18 shows a 3D plot of transmission as function of input intensity for
different wavelengths. There are regular ripples (peaks and dips) in transmission
if the wavelength is scanned around 786 nm. These regular modulations are
present only at A = 786 nm and not at other wavelengths. The ripples are

superimposed over a long scale modulation.
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Figure 5.19: Plot of the transmission as function of wavelength for different input
intensity.

Fig. shows a cut through the 3D plot showing how transmission behaves
as function of wavelength. It display also a fit to the function y(z) = ax + b+
ccos(dx + e).

From the coefficient of the fit is possible to infer the periodicity of this ripples.
The periodicity is of T = 0.049 nm

This leads to an effective group index of n, = 3.01 according to the equation

)\2
T 2LT
where L~ = 2.1 mm is the length of the sample. This support the interpre-

p (5.12)

tation that are longitudinal modes of the cavity.

If there were a nonlinear index shift, the peaks should be shifted as function of
the input intensity. It is not possible to see any shift of the modes by increasing
the input power in Fig.

The reason is that the nonlinear effect is expected to be stronger at the wings
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5.6 Broad-area quantum dot sample

of the photoluminescence curve (Fig. and hence not pronounced in the gain
peak. Also in absorption is quite difficult to observe nonlinear index shift as will
be discussed later.

It is very demanding to detune this particular Ti-Sa over a large wavelength
and for this reason are not presented data for wavelengths far from the running

wavelength of the laser where a hight nonlinear shift is expected.

5.6 Broad-area quantum dot sample

So far, coupling light to quantum dots embedded in a waveguide has been very
difficult and a tedious procedure to address. It is more difficult coupling to light to
a single-mode fiber that has the dimension of a waveguide, typically w, = 0.6 um
and w, = 3 um. All the measurement so far also show that is quite easy to
loose coupling in the waveguide and hence the alignment need to be redone for
each measurement.

To avoid the complexity of measuring the gain, we developed a new technique
based on coupling a single mode fiber the light coming of a quantum dot sample
sample and retro-inject again with the same fiber back the light from a laser
source.

It is possible to see directly how much light is couple into the fiber. The same
amount of light that should couple back into the active area of the sample and
hence the waveguide if the source is injected from the other end of the fiber. The

following sections describe two experiment based on this principle.

5.6.1 Sample and experimental setup

The setup utilized is the following showed in Fig.[5.25. The quantum dot sample
(QDS) is from Innolume GmbH with a length of L. = 1.5 mm. It contains 15
layer of InAs QD in a GaAs matrix. It is designed to be broad area (130 pum).
The layer structure specification is given in Fig. The laser source is a
commercial tunable source (TSL-1210). Both facet of the QDS are anti-reflection

(AR) coated. The sample is mounted on a specific mount. It possible to inject
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Layer Material

D02283

Group Repeal Mole fraction (x Thickness Doping profile

Type Dopant

start  finish {nm) start

12 |GaAs 200 1220 P c
11 |Allx)Ga(1-x)As 0.15 0 15 1219 P c
10 |Aljx)Ga(1-x)As 0.15 1800 5217 p c

9 |Alx)Ga(1-x)As 0.15 700 2.5e17 P c

8 |GaAs 15 35 UD | Mane
7 |In(x)Ga(1-x)As 15 0.15 5 U/D | None
6 [InAs* 15 0.8 UD | Nane
5 |GaAs 35 LD | Mane
4 |Alx)Ga(1-x)As 0.15 1000 5217 N Si
3 |Alx)Ga(1-x)As 0.15 1500 1218 N Si
2 |Alx)Ga(1-x)As 0 0.15 15 Je18 N Si

1 |GaAs 500 3e18 N Si
0 |GaAs substrate N+ GaAs 3 inch

Figure 5.20: Layer structure specification.

current through it by probe tips of 6um appositely positioned. The temperature

is controlled by a Peltier element. All the setup is on a suspended table.

Temp. Cont.

Figure 5.21: Experimental setup: Tunable laser (TSL-1240), L1 (f = 20 mm), beam
splitter (BS), mirror (M), anamorphic prism (AP), C1 (f = 3.1 mm),
quantum dot sample (QDS), C2 (f = 8 mm), Optical Spectrum Ana-
lyzer (OSA), L2 (f = 50 mm), Photodiode (PD1, PD2).

The beam emitted by the quantum dot sample is collimated using an aspher-

ical collimator (C1) of 3.1 mm focal length and numerical aperture NA = 0.68.

Due to the fact that the beam after the lens C1 is still quite asymmetric in the

horizontal direction an anamorphic prism is settled to shape the beam in a way
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5.6 Broad-area quantum dot sample

to be more circular. Also has been tried an anamorphic prism pair but that did
not improve the system. After passing two steering mirror, the beam reaches a
lens (L1) of focal length 20 mm.

Then the beam is coupled into the single mode fiber. After obtained the
maximum coupling to the fiber we connect the single mode fiber to the tunable
source. In this way we sent the beam to the QDS sample. In the other side of
the QDS we collect the beam transmitted by the sample with an aspherical lens
(f = 8 mm) and a photodiode and optical spectrum analyzer (OSA) are used for
the detection part.
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Figure 5.22: Light-current of the diode, inset power as function of current

Fig. [5.22 shows the LI curve for the QD sample. It shows that the intensity
increases linearly as function of current until it reaches 500 mA where the output
intensity saturates and then for higher current the output intensity drops mainly
due to heating induced by the current.

The inset of fig.[5.22 shows instead the power available as function of current.
The power reach a maximum of 0.15 mW at 650 mA to stay constant after that.
There is no lasing emission from the sample.

Fig.|5.23 shows instead the evolution of the peak of the spontaneous emission,

and of the peak intensity as function of current for three different temperatures.
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Figure 5.23: (a) Wavelength shift of the peak of the photoluminescence as function
of current for three different temperature (b) Peak intensity as function
of current for three different temperature.

Fig.[5.23(a) shows that increasing the temperature from T = 9 °C to T = 21 °C
the peak of the PL move from A = 1262 nm to A = 1266 nm, a shift of 0.333
nm /K.

With increasing current, the peaks of PL stay constant until they reach some
temperature where they jump to an other wavelength. This jump seem to appear
earlier at lower temperatures than at higher ones.

Fig.[5.23(b) shows instead how the peak intensity evolve as function of cur-
rent for three different temperature. Increasing the current, the peak intensity
increases linearly until it reaches a maximum, and then decreases again, following

the LlI-curve.
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5.6 Broad-area quantum dot sample

5.6.2 Spatial profile and waveguide coupling

Fig.'5.24 shows the image of the emission of the sample taken with a GaAs camera
at 940 mm from the sample, in imaging condition, i.e focusing onto the camera.
From the data is possible to infer the beam width in both direction of the beam.
The vertical width is of w, = 0.8 um and the horizontal is w, = 15um, 18 times

bigger than the other direction.
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Figure 5.24: Image of the emission of the diode at (a) d = 940 cm, (b) beam profile
for the slow and fast axis.

Fig.[5.25(a) shows how the signal of the single-mode fiber change as function
of current. It is possible to notice that scanning the current up and down the
signal doesn’t stay always the same like the signal in the other detector, see
Fig.[5.25(b). The reason of the variation in amplitude reported in Fig.[5.25(a) is
probably due to thermal change of beam position. Fig.!5.25(c) shows instead the
coupling rate achievable by the system calculated as the ratio between the signal

in the coupled fiber and into the other one. The coupling is quite low.

133


Chapter4/Chapter4Figs/imagefiber1.eps
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Figure 5.25: (a) Signal detected in the single-mode fiber as function of current, (b)
Signal in the other detector as function of current, (c¢) Coupling rate

into the single-mode fiber.

5.6.3 Results

It is possible to have some figure that illustrate how the gain coefficient change
as function of wavelength.

Fig.[5.26(a) shows how the gain coefficient changes as function of wavelength
for different current level starting at I = 0 mA at T = 5°C. The quantum dot
absorb strongly at the wavelengths in the range 1260-1300 nm. Increasing the
current there is an effect on gain more relevant at lower wavelength than at higher
one.

Fig.[5.26(b) is the same but taken at the temperature of T = 21°C. Increasing
the temperature it is possible to see that the range where quantum dots absorb

changes due to the shift with temperature of the spontaneous emission spectra.
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Figure 5.26: (a) Gain coefficient as function of wavelength for increasing current at
T =5 °C (b) Gain coefficient as function of wavelength for increasing
current at T = 21 °C.

It is a redshift towards higher wavelengths.

It is possible to see that there are regular ripples in the transmission curve
almost constant over all the wavelength range. The average distance is 5 nm
corresponding to a length of 2 cm, it can be a parasitic etalon.

There is no systematic power shift of the quantum dots probably due to the
very low coupled power and power available. This motivates us to search for a

more powerful laser source at 1.3 pm.

5.7 Saturation of absorption and gain with Cr**-

Forsterite laser

This section describes an experiment on light QD interaction with a home made
Cr**-Forsterite laser that can deliver up to 100 mW at A = 1245 to A = 1280,
much more compared to 14 mW of the previous one. We use also single spatial

mode waveguide.
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5.7 Saturation of absorption and gain with Cr*f-Forsterite laser

5.7.1 Experimental setup

The experimental setup is illustrated in Fig.[5.27. The laser is a home made (Dr.
C. G. Leburn) Cr**:forsterite laser ﬁ?()Z‘; é&

(HWP) and an optical isolator (OI) are present to avoid back reflection to the
laser and for adjust the power. The beam passing the Ol is fiber coupled through

a microscope objective (40X) to a single mode fiber.

|. After the laser a half wave plate

Cr-Fr

o [l

Figure 5.27: Experimental setup: Chromium forsterite (Cr**-Fr), beam splitter (BS,
BS1), Half-Wave plate (HWP), Optical Isolator (OI), microscope objec-
tive (Mo), Optical Spectrum Analyzer (OSA), mirror (M), anamorphic
prism pair (AP), aspherical collimator (C1) (f = 3 mm), aspherical col-
limator (C) (f=3mm), L1 (f=50mm), L2 ( f = 35 mm), Photodiode
(PD1, PD2).

The single mode fiber is connected to a polarization control fiber which enables
to select the polarization of the beam, kept in this case horizontal. The fiber is
connected to a fiber coupler that split the incoming beam in 10% and 90%.
The weak part of the beam is sent to an optical spectrum analyzer (OSA) to
monitor the beam. The main part (90 %) is collimated by an aspherical lens

(C, f = 11 mm) and sent to an anamorphic prism pair (AP). The AP is used
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5.7 Saturation of absorption and gain with Cr*f-Forsterite laser

to transform the collimated circular beams to elliptical beam, so matching the
waveguide mode.

Then the beam is coupled directly into the sample with an aspherical lens (C1)
of focal length f = 3.1 mm, mounted on an high-precision xyz-translation stage.
The light reflected by the sample and the light coming out from it is collected
with beam splitter (BS1) and focused to the output photodiode PD1.

The laser diode used is based on quantum dot. It has a threshold current of
[=23mA at T = 15.2 °C and a cavity length of L = 1.5 mm. The layer structure

of the diode is equal to the one used in chapter 2, section. |2.4.1

5.7.2 Diode characterization

Fig.[5.28(a) shows the spontaneous emission spectra taken with a monochromator
(Gilden Photonics-resolution 0.04 nm) of the diode for different current levels.
The PL is quite broad starting at A = 1200 nm and finishing at A = 1290 nm. No
excited state and wetting layer are visible. Around the gain peak, A\ = 1255 nm,

and mostly above several longitudinal mode are present.
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Figure 5.28: (a) Spontaneous emission from the QDL diode for different current
level below threshold, (b) lasing spectra of the diode at different current
level, T = 15.4 °C

Fig. 5.28(b) shows the lasing spectra for different currents level starting at I

= 50 mA up to I = 100 mA. Several peak appear centered around the gain peak
A = 1254 nm.
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Figure 5.29: (a) Wavelength shift as function of current, T = 15.4 °C (b) Wavelength
shift as function of temperature

Fig.[5.31(a) shows the wavelength shift as function of current. From the fit is
possible to infer a shift of 0.0016 nm/mA.

Fig.[5.31(b) shows the wavelength shift as function of temperature. The mea-
surement is a medium of the overall spectrum. From the fit is possible to infer

a shift with temperature of 0.48 nm°C, like the one reported in the specification

1204].

5.7.3 Cr*t: forsterite laser

The Chromium forsterite (Cr-Fr) laser is illustrated in Fig.[5.30 ; ]
The pump source used is an infrared Nd:YVO, IR laser (Spectra Physics).
This source is capable of producing up to 10W of linearly polarized, near-diffraction
limited light at 1064 nm. The beam is passing through a telescope system and a
focusing lens before going through one of the folding mirrors (RoC f = -100 mm)
and onto the crystal face. With this simple telescope system in conjunction with
a focusing lens it is possible to vary the pump spot size and focus the pump beam

to an appropriate size in order to maximize the mode matching of the pump and
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Figure 5.30: Schematic of the pump laser and pump geometry used on the
Cr*t:forsterite laser system. Courtesy of C. Leburn.

laser mode beams.

The Brewster-cut Cr*t:forsterite laser crystal has a peak small-signal pump
absorption coefficient of 1.3 cm™' and a length of L = 11.6 mm. The crystal
is wrapped in indium foil and tightly clamped in a water-cooled copper mount.
This mount is maintained at a temperature of 14 °C to aid the removal of heat
from the crystal when pumped at high powers.

The pump lensing arrangement produces a beam spot size on the laser crystal
that is similar in size to the laser mode beam in the crystal. This facilitated
good mode-matching of the two beams. The minimum threshold of 1.4 W is
achieved with the 0.2 % output coupling. Fig.[5.31(a) shows a spectra from the
Cr**:forsterite laser over time. The spectra has a full width half maximum of
0.3 nm to 0.2 nm, covering several longitudinal mode of the QD diode. Hence
cavity effects are expected to be low.

Fig. [5.31(b) shows the output power achievable by the system from A\ =
1235 nm to A = 1345nm. The output power is 200 mW at A = 1235 nm,
increases up to 550 mW at A = 1260 nm decreases again linearly to 150 mW at
A = 1345 nm.
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Figure 5.31: (a) Spectra over time from the Cr**:forsterite laser, (b) output power
as function of wavelength.

5.7.4 Results

The procedure for the coupling is the same as discussed in section where the
light coming out from the QD diode is fiber coupled first, and then the beam from
the Cr**-Fr, fiber coupled as well goes. The light from the Cr**-Fr is maintained
horizontal polarized , TE-polarized. The coupling efficiency of the QD diode in
the single mode fiber is 37%.

Fig. 5.32(a) shows how the gain coefficient changes as function of input power
for A\ = 1245 nm in gain, I = 24 mA, and absorption, I = 0 mA. The reflection
coefficient from the quantum dots shows a pronounced power dependence starting
at power less than 10 mW for the absorption case and for the gain case the
power dependence starting at lower power. The gain saturates sooner than the
absorption.

Fig. 5.32(b) shows how the gain coefficient change as function of power for
A = 1255 nm for gain and absorption.

Fig. 5.33(a) shows how the gain coefficient change as function of power for
A = 1265 nm in presence of gain and absorption. Fig.[5.33(b) shows instead the
value for A = 1280 nm in gain and absorption.

It shows that in absorption the gain is constant for all the available power, so

it shows that the QD doesn’t show power dependence as in the previous figure.
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Figure 5.32: (a) Gain coefficient as function of input power at A = 1245 nm, data
and fit. (b) Gain coefficient as function of input power at A = 1255 nm
data and fit.

In gain there is still a small offset.
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Figure 5.33: (a) Gain coefficient as function of input power at A = 1265 nm, data
and fit. (a) Gain coefficient as function of input power at A = 1280 nm

The dependence of the gain coefficient on power with two models that describe
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5.7 Saturation of absorption and gain with Cr*f-Forsterite laser

saturable absorption in the case of two-level systems with inhomogeneous, a; =

ar/+/(1 4+ P/Ps;) and homogeneous, oy = a;/(1 + P/Psy), broadening M]
The results shows that both model fit the data quite well but the first model

proves to fit better especially at A = 1245 nm and A = 1280 nm.

40

% —— Absorption

~ 30, —O—Gain i
3

=

S

A 201 1
=

S ]

g 10/ ~
2

<

%)

1%40 1250 1260 1270 1280 1290
Wavelength (nm)

Figure 5.34: Saturation power as function of wavelength in absorption and gain
cases.

Fig. shows the results of the fit displayed in Fig. 5.32(a), Fig. 5.32(b),
Fig.[5.33(a), Fig.5.33(b).

Fig.5.34 shows the saturation power as function of wavelength in absorption
and gain. The minimum saturation power is reached at A = 1255 nm and is
Pt = 9 mW in the absorption case and of Py,; = 1.4 mW in the gain case.
For increasing wavelength the saturation of power increases up to P,y = 25 mW
in absorption and P,,; = 21 mW in the gain case. At lower wavelength also the
saturation power increases up to Py,; = 25 mW for the absorption case.

Fig. [5.34 also shows that the value of power saturation relative to the gain
are low compared to the absorption case due to the experimental finding that the
gain is more easy to saturates than the absorption also present in section [5.2.3.
This is not the case for the numerical simulation, chapter 3, where actually the

value of saturation of gain and absorption are very comparable.
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It is possible to give an indication of the saturation intensity to compare to
results where pulsed lasers are involved. Assuming beam radius of w, = 3x107%m
in the slow direction and w, = 0.5 x 107% m for the fast axis the intensity is given
by:

Lsar = 2PouiCess (5.13)

Wy W,
where P, are the saturation power reported in Fig. and cepp = 0.371s
the coupling efficiency. This lead to an intensity of around I, = (0.44-7)x10%
W /m? depending on wavelength in agreement with results on pulsed beam [121;

205].

5.8 Nonlinear index shift in InGaAs QD

In this section, we analyze results from measurements of the frequency shift of
the sample, discussed theoretically in chapter 3, and covered as well for InAlAs
quantum dots in section [5.5.5.

5.8.1 Experimental setup

The experimental setup is shown in fig.[5.35. A lock in amplifier dQ—%‘; ’E] is set
in to distinguish the pump laser from the probe beam. The pump laser is the
same Cr**: fosferite used for the previous experiment.

The probe is a commercial semiconductor laser (Santec TSL-210V) that span
in wavelength from A = 1260 nm to A = 1360 nm. The probe is chopped at
frequency of 800 Hz by a chopper connected to the lock-in amplifier.

The probe beam is passing to an optical circulator (CO). The Optical circu-
lator is a special fiber optic device that is capable of separating optical power
traveling in opposite directions in one optical fiber. It is used to achieve bi-
directional transmission over a single fiber. Then the fiber is connected to the

other port of the fiber coupler.
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Figure 5.35: Experimental setup: Chromium forsterite (Cr#*:Fr), beam splitter (BS,
BS1), Half-Wave plate (HWP), Optical Isolator (OI), microscope ob-
jective (MO), Optical Spectrum Analyzer (OSA), mirror (M), Anamor-
phic prism pair (AP), aspherical collimator (C1) (f = 3 mm), aspherical
collimator (C) (f = 11 mm) , L1 (f = 50 mm), L2 (f = 35 mm), Pho-
todiode (PD1, PD2), Optical circulator (OC).

5.8.2 Measurement with probe

The measurements are been taken scanning the wavelength of the tunable source
(TSL-210V) in steps of 0.0005 nm (resolution in wavelength of the laser) and
recording the average (over 10) reading of the output photodiode. All the data are
recorded through National Instrument Card (DAQ) controlled by a PC through
Labview. The time between each measurement is 2s.

Fig. 5.36(a) shows the linear reflection spectrum from the QD diode of the
probe laser. It has been taken at A = 1280 nm at T = 15 °C with a power of 0.7
mW in absorption, I = 0 mA.

Fig. [5.36(a) shows the cavity modes in the reflected signal, not present in
the input photodiode. These cavity modes are very pronounced and well defined

compared to that one observed, in the transmission experiment, discussed in
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Figure 5.36: (a) Linear reflection spectrum, data points and fit (blue line) (b)
Wavelength shift of cavity modes as function of temperature, probed
with tunable laser (TSL-210V) in reflection, P = 0.7 mW, I = 0 mA.

section [5.5.5. They are large amplitude signal over a small background. The
reflected signal is not calibrated.

The cavity modes are been fitted (blue curve, Fig. 5.36(a)) by a sinusoidal
equation in the form y = yo + Asin(m(x — z.)/w). From the coefficient of the
fit is possible to infer the period and the free spectral range (FSR). The FSR
is 0.148 nm assuming a group index of n, = 3.7. The FSR corresponds to a
length of L = 1.49 mm, matching the length of the QD diode (L = 1.5 mm).
Fig. [5.36(b) shows how the cavity mode spacing shift in wavelength as function
of temperature from T = 14 °C to T = 15.3 °C. From the linear fit it is possible
to infer a shift of 0.105 nm/°C.

Fig. 5.37(a) shows the reflected signal as function of wavelength for different
power level of the probe, starting at 0.002 mW up to 20 mW in absorption, I =
0 at T = 15 °C. The fact that the amplitude of the reflected signal is different is
due to the different gain setting of the detector used, the data are not normalized.

Fig. [5.37(b) is the linear fit (red) and data points of the position of the
minimum of the cavity mode as function of the input power. From the fit

it is possible to infer a small average red-shift increasing the probe power of
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Figure 5.37: (a) Reflected signal as function of wavelength from A = 1280.06 nm to
A = 1280.4 nm for different input power I = 0 mA. (b) Mode position
as function of input power, I = 0 mA.
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Figure 5.38: (a)Reflected signal as function of wavelength from A = 1280.06 nm
to A = 1280.5 nm for different input power I = 24 mA. (b) Shift
of cavity modes as function of wavelength from A = 1280.06 nm to
A = 1280.5 nm for different input power I = 24 mA.

~ (7.3+1) x 107* nm/mW.

Fig.[5.38(a) shows the shift of the cavity modes as function of wavelength for
different power level starting at 0.076 mW up to 17.6 mW with gain, I = 24 mA.
Fig.[5.38(b) is the linear fit of the position of minimum of the ripple as func-
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5.8 Nonlinear index shift in InGaAs QD

tion of the input power. From the fit it is possible to infer an average red-shift
increasing the probe power in this case of ~ (1.8 & 0.08) x 1072 nm/mW for
fig.[5.38(b).

5.8.3 Pump-probe measurement

Measurement have been taken using the hight power pump beam as well, following

the setup of Fig. 5.35. A weak probe beam is also present in the measurement.
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Figure 5.39: (a) Linear reflection spectrum for A = 1261 nm at T = 15 °C, I = 24
mA (b) Shift of cavity modes as function of input power.

Fig.[5.39(a) shows the reflected signal as function of wavelength from A = 1261.4 nm
to A = 1262 nm for different pump power starting at 0 mW of the pump and up
to 110 mW in gain I = 24 mA. The dashed line correspond to the jitter of the
cavity mode. These give an error on the measurement of o ~ 6 x 1072 nm.
Fig. [5.39(b) is the linear fit of the modes taken from Fig. 5.39(a). It is the
data position of the minimum of the peak. From the linear fit it is possible to
infer an average red-shift of ~ (9.5 4 0.006) x 10™* nm/mW.
Fig. [5.40(a) shows the shift of these cavity modes as function of wavelength
from A = 1271.6 nm to A = 1272.2 nm for different pump power starting at 0
mW and up to 130 mW with [ = 24 mA.
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Figure 5.40: (a) Linear reflection spectrum for A\ = 1272 nm (b) Shift of cavity
modes as function of input power.

The shape of the cavity mode is different from Fig.[5.39(a) due to increasing
finesse with wavelength, different threshold condition at different wavelength.
Fig.[5.40(b) is the linear fit taken from Fig.[5.40(a). It is the data position of the
minimum of the peak.

From the linear fit it is possible to infer an average red-shift in this case of ~
(9.4x10714+6x 1077) nm/mW. The shift at A = 1261.6 nm and A = 1271.6 nm
are the same.

Fig.[5.41]is a summary of the shift of the fringes shift as function of wavelength
from A = 1262.12 nm to A = 1282.12 nm in the case where pump and probe is
present and in the case where only probe is present without lock in in absorption
and gain.

From A = 1262.12 nm to A = 1282.12 nm the fringe shift is constant at the
value of 0.001 nm/mW. Instead when only the probe laser is on and no lock-in
is present in the setup the fringe shift is of 0.002/0.0025 nm/mW in gain. In
absorption, only with probe in there is a small fringe shift of 0.0007 nm/mW.

Is not possible to see a shift depending on detuning of the laser, the shift is

constant for all the available wavelength.
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5.8.4 Discussion and comparison to other experiment

The origin of the shift observed is not so clear. The shift appear only for TE-
polarized light like in M] The cavity mode shifts doesn’t depend on detuning
of the pump—probe beam, is the same for different wavelength.

Probably is thermal, possibly some background heating outside of the active
zone. The shift is also quite substantial, larger than expected, nearly 27. Nor-
mally a phase shift of 0.5 7 rad in 1 mm-long waveguide is obtained at a 30 pJ/u?
input pump pulse energy density, and 11 meV detuning energy, and a 20 ps time
delay [205].

The nonlinear phase shift (NLO) in ﬁ?%] is mainly attributed to the absorp-

tion saturation induced by a resonant excitation in a ground-state transition of the

QDs. A pump pulse whose wavelength is set to the QD-absorption peak causes
an absorption change Aa (spectral hole burning) and a corresponding refractive
index change An. A probe pulse with some detuning energy sees the changes, Aa
andAn. The refractive index change causes the NLO phase shift of interest here.
As shown, the phase shift depends on the input pump energy density P;, but not
on the detuning energy. The shift is observed only for TE-polarized light.

This measurement and the calculation under the two-level approximation also
revealed that the phase shift is mainly attributed to the absorption saturation in
the QDs for TE-polarized light.
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Chapter 6

Conclusions

In this thesis, we have shown first results on how to improve the coherence of an
as-grown broad-area laser diode based on quantum dots. The achieved bandwidth
of 5-10 GHz at power levels of 10-140 mW ] is sufficient for many applications
such as investigating the nonlinear optics of QD though at higher current the
spatial coherence is not optimal. The frequency resolution of the setup can be
improved only marginally by using a grating with 1350-1400 lines/mm but a
straightforward and significant improvement of performance is expected by anti-
reflection coating of the facet on which the feedback is done.

So we concentrated on a small-area QD diode laser with anti-reflection coating
in one facet and hight-reflective coating in the other. In Littrow and Littman
configuration a bandwidth of 38 GHz has been achieved for all the wavelength
accessible by the system (A = 1195-1260 nm) and remarkably for all the current
available (up to I = 1 A) differently from the broad area diode where at higher
current the diode present multimode behavior. We use the small-area QD diode
because is possible to have more power in single mode shape.

The established tunable source has been used to characterize optical and elec-
trical properties of InAs/GaAs quantum dot and LT-GaAs super-lattice materials
for Terahertz applications. The material was grown using a surfactant growth
technique [104]. Therefore, one of the advantages of InAs/GaAs superlattice and
QDs structures is the ability to use a 1.3 um excitation wavelength and maintain
a high resistivity of the material at the same time. The dependences on exciting

wavelength, power and bias voltage were studied and the data obtained suggests
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that they can be used as photoconductive materials that can be excited at the
telecoms wavelengths of 1.3 pum for Terahertz or other optoelectronic applica-
tions. Fairly hight photocurrent has been found for the quantum dot, but also
remarkably for the superlattice which doesn’t display a PL. This is probably more
attractive for THz applications due to the lower lifetime than the QD samples.
To our knowledge these are the first results on photocurrent in low-dimensional
InGaAs structure for THz ﬂ59].

Self-sustained pulsations of the output have been observed in an InAs quantum
dot laser diode in the MHz range for the first time ; ] The pulsations
have in tendency a square-wave-like appearance and are present for a wide range
of current and wavelength. The free-running laser and the laser with feedback
show qualitatively the same behavior except in frequency-resolved optical spectra.
Here the different shift of the envelope might be related to a change of phase-
amplitude coupling across the gain maximum in qualitative agreement with the
expectation for a general two level system. The time scale and the bifurcation
scenario suggest that these are opto-thermal pulsations like the ones reported in
quantum well amplifiers [63] but there is no obvious mechanism of a competition
between resonance conditions. Bistability in the light-current characteristics is
also observed for wavelengths smaller than the gain peak (A = 1225 nm), but it
is not present for wavelength above the gain peak and for the free running lasers
6]

The experiments performed support a new mechanism for opto-thermal pul-
sations based on waveguiding [60]. Due to the shallow etching, the mode is not
strongly confined but the confinement and hence the modal gain - is enhanced by
the refractive index increase in the ridge due to Joule heating. After switch-on,
radiative cooling leads to a reduction in confinement and the laser switched down
again. Then the process is started again by heating. At some point, the average
heat load is high enough to sustain cw lasing. Supporting this, we established
that devices with a slightly deeper etching and hence better confinement do not
show this instability.

We calculate the nonlinear optical response of a sample of self-assembled QD

to a cw driving field via numerical simulations [64].
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It is found that a saturation model based on inhomogeneous broadening fits
the numerical results but that the saturation power depends on detuning in con-
trast to a strongly inhomogeneously broadened system. This is interpreted to be
due to that fact that QD are in the Voigt-parameter regime between homogeneous
and inhomogeneous broadening.

Measuring self-lensing might be a convenient way to check out the absolute
and relative strength of phase-amplitude coupling (the a-factor) for resonant and
off-resonant operation. From the real part of the susceptibility, the strength of
self-lensing is deduced. For conservative assumptions on QD density and carrier
lifetimes, the minimum focal length is found to be 1.7 mm for an input beam with
a radius of about 15 pum. This effect is probably too small to be experimentally
detectable but increasing the focal power by a factor of two already changes these
conclusions.

Around the gain peak, lensing is found to be negligible which makes this
range promising for the operation of high power lasers with a low tendency to
filamentation.

Following the numerical simulations we report studies on the interaction strength
between laser and self assembled quantum dots, as a function of power in the form
of the absorption and gain coefficient. Our analysis is concentrated on continuous
wave (cw) beam interacting with quantum dot structures. Several setups have
been arranged (Chapter 5 ) and relevant results are presented regarding satura-
tion of absorption and gain [65]. The results presented for the gain measurement
161; 194; 196‘] and the-
oretical results on gain saturation @; ’E] Results on saturation of absorption

are in agreement with previous measurement ﬂLlld; 149;

of AlGaAs and InGaAs on cw beam are presented. To my knowledge this is the
first evidence of saturation of absorption in room temperature samples and opens
up new opportunity for nonlinear optics of QD samples.

No clear evidence for a nonlinear phase shift is found except in time-resolved
spectra of a self pulsing laser. The nonlinear optical effects are reduced due to
the inhomogeneous broadening of relatively low density of QD. Improvement in
growth technique ﬁ; ’T62] and submonolayer QD might be helpful to achieve a
high nonlinearity. On the other hand the low a-factor is beneficial for applica-

tions.
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