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Ihm fiel ein großes Gebilde in der Ferne auf, das sich von all den anderen
Gebäuden durch seine bizarren Umrisse unterschied. Es überragte alles in seiner
Umgebung und sah aus wie der Palast eines Architekten, der während der Arbeit
daran seinen Verstand verloren hatte. Es gab krumme Türme, und unförmige
Anbauten, Kuppeln, die auf Kuppeln errichtet waren, Auswüchse, Wucherungen Das war kein Gebäude, eher eine monströse Baustelle.
”Du meine Güte”, staunte Smeik. ”Was ist das denn?”
Kolibril hüstelte verlegen von oben.
”Ist das auch ein Speicher? Warum sieht er so seltsam aus?”
”Das ist kein Speicher.”
”Was ist es denn?”
”Nichts.”
”Wie: nichts?”
”Es ist nichts von Bedeutung.”
”Warum ist es dann das auffälligste Gebäude der Stadt?”
”Darüber möchte ich nicht reden.”
”Raus mit der Sprache, Doktor- was ist das?”
”Das ist, äh, eine Doktorarbeit.”
”Eine Doktorarbeit?”, lachte Smeik. ”Jetzt bin ich aber erleichtert. Ich dachte
schon, es sei eine schreckliche Krankheit.”
”Das ist eine Doktorarbeit gewissermaßen auch.”
Walter Moers, ”Rumo & die Wunder im Dunkeln”
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Abstract
The thesis at hand investigates the suitability of quantum dot (QD) material for use
in long-distance coherent communication. The thesis was written in the frame of the
SASER project MONOLOP that is aiming for a compact, monolithically integrated
light source with a tunable wavelength covering the C+-band and narrow spectral
linewidth below 500 kHz.
The thesis reviews the theoretical background of quantum dot material based on the
InP material system and distributed feedback (DFB) lasers with lateral gratings as
well as semiconductor optical amplifiers (SOA). The design and fabrication of the
investigated laser devices is reviewed.
The design of an integrated device consisting of a set of four DFB lasers, a cascaded
Y-coupler and a semiconductor optical amplifier and its fabrication are described
and basic properties, i.e. the wavelength, side mode suppression ratio, output power
and amplification of the SOA, are evaluated.
A wavelength tunability of more than 10 nm for a single monolithic laser could be
shown. An array of just four lasers yielded coverage of the C+-band at a tuning
range of more than 45 nm.
The focus of this work is the spectral linewidth of quantum dot lasers with different epitaxial and device structure. The linewidth was measured by delayed selfheterodyne method. The setup and its evolution will shortly be described. The
linewidth of stand-alone DFB lasers was evaluated for the impact of number of
quantum dot layers, facet coatings, heat sink temperature and mounting. A minimum linewidth of 110 kHz was found.
The influence of the Y-coupler was investigated with and without pumping of the
coupler section. Finally, the linewidth of the whole device was measured and the
influence of the SOA amplification on the linewidth was determined. A minimum
linewidth of 130 kHz from the SOA that was hardly altered with SOA current was
found.
The results clearly show the potential of quantum dot material for future coherent
communication and the suitability of the designed integrated device as laser light
source in these transmission systems.

v

Zusammenfassung
Die vorliegende Arbeit untersucht die Eignung von Quantenpunktmaterial (QD) für
den Einsatz in der kohärenten Telekommunikation über große Entfernungen. Die Arbeit wurde im Rahmen des SASER-Projekts MONOLOP geschrieben, das eine kompakte, monolithisch integrierte Lichtquelle mit einer abstimmbaren Wellenlänge, die
das C+-Band abdeckt, und schmaler spektraler Linienbreite unter 500 kHz anstrebt.
Die Arbeit befasst sich mit dem theoretischen Hintergrund von Quantenpunktmaterial auf der Grundlage des InP-Materialsystems und der Distributed Feedback
(DFB)-Laser mit lateralen Gittern sowie optischen Halbleiterverstärkern (SOA). Das
Design und die Herstellung der untersuchten Laserbauteile wird besprochen.
Der Aufbau eines integrierten Bauelements aus einem Satz von vier DFB-Lasern,
einem kaskadierten Y-Koppler und einem optischen Halbleiterverstärker und dessen
Herstellung wird beschrieben und die grundlegenden Eigenschaften, d.h. Wellenlänge,
Seitenmodenunterdrückung, Ausgangsleistung und Verstärkung des SOA, werden
bewertet.
Eine Wellenlängenabstimmbarkeit von mehr als 10 nm für einen einzelnen monolithischen Laser konnte gezeigt werden. Ein Array von nur vier Lasern ergab die
Abdeckung des C+-Bandes bei einem Abstimmungsbereich von mehr als 45 nm.
Der Schwerpunkt dieser Arbeit liegt auf der spektralen Linienbreite von Quantenpunktlasern mit unterschiedlicher Epitaxie und Bauelementstruktur. Die Linienbreite wurde mit der verzögerten Selbstheterodyn-Methode gemessen. Das Setup
und seine Entwicklung werden kurz beschrieben. Die Linienbreite von reinen DFBLasern wurde hinsichtlich des Einflusses der Anzahl der Quantenpunkt-Schichten,
der Facettenvergütung, der Wärmesenkentemperatur und des Aufbaus bewertet.
Die kleinste gemessene Linienbreite war 110 kHz wurde gemessen.
Der Einfluss der Y-Koppler wurde mit und ohne Pumpen des Kopplerabschnitts
untersucht. Abschließend wurde die Linienbreite des gesamten Bauteils gemessen
und der Einfluss der SOA-Verstärkung auf die Linienbreite bestimmt. Es wurde
eine minimale Linienbreite von 130 kHz aus dem SOA gefunden, die mit dem SOAStrom kaum variierte.
Die Ergebnisse zeigen deutlich das Potenzial von Quantenpunktmaterial für die
zukünftige kohärente Kommunikation und die Eignung des entwickelten integrierten
Bauelements als Laserlichtquelle in diesen Übertragungssystemen.
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1 Motivation
The need for high-speed communication is ever growing. Many efforts have been
taken to increase transmission rates during the last 150 years. A measure of the
capacity of a communication system is the product of bit rate and transmission distance BL. Communication systems with BL ∼ 100 Ms b km were available by 1970.
The introduction of coherent light sources, i.e. lasers, in 1960 and optical fibres in
1966 [KH66] paved the way for optical communication increasing the transmission
capability by several orders of magnitude. A graphic punctuating this circumstance
is given in Fig. 1.1.[Agr97]

Figure 1.1: Graphic of the evolution of the bit rate distance product over the last
150 years till 2000. Reprinted with permission from Govind Agrawal,
”Fibre-optic Communication Systems” ©John Wiley and Sons 2002
Different modulation formats have been employed to increase the bit rates in optical
communication, amplitude shift keying (APK), frequency shift keying (FSK) and
phase shift keying (PSK). Obviously, they are named after the property of light that
is used to encode the signal. An overview of the modulation schemes is given in Fig.
1.2.
In PSK, the variation of the phase of light φm is used for encoding while the amplitude Am and frequency fm of light are kept constant. It is a nonlinear modulation
technique which gives it superior performance in noisy environments. [Das10] Coherent detection is required in this modulation format, i.e. the signal must be mixed
with the light from a local oscillator (LO) that will be the topic of the thesis at hand.
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Figure 1.2: Overview of the modulation schemes according to [Das10]
The requirements on the phase are more stringent than for other modulation formats, especially at higher modulation formats. The measure of the duration of
stable phase is the coherence time τC that is inversely related to the laser linewidth
∆ν. As a consequence, there is a very strict linewidth requirement as well for the
signal laser as for the LO.[Agr97]
The first step of PSK is binary PSK (BPSK) where a phase shift of 180◦ is used to
encode 0 and 1. So only one bit can be encoded at a time. [Das10]

A cos ω t, f or d(t) = 1
c
c
φBP SK (t) =
Ac cos ωc t + τc = −Ac cos ωc t, f or d(t) = 0

(1.1)

This means the signal is made up of two sinusoids that are in and out of phase.
[Das10]
The system data rate can be drastically increased by using M-ary modulation techniques. [Ryu95] The next order is quadrature phase shift keying that increases the
spectral efficiency. While the bandwidth T2B remains constant, it is made usable for
two bits instead of one. This is done by modulation of a pair of carriers of the same
frequency and in-phase quadrature [Das10]
φQP SK (t) = AC cos(ωct + Φn )
with Φn = (2n + 1)(π/4)
n = 0, 1, 2, 3

(1.2)

The pulse stream can be divided into in-phase (even bits) and quadrature (odd bits)
stream. The scheme is shown in Fig. 1.3. Every quadrant encodes another set of
two bits instead of one. [Das10] The lower the phase error ∆φ, the more signals can

2

Figure 1.3: Scheme of the signal distribution in phase shift keying. The diagram is
displayed in the complex plane in polar coordinates. The radius represents the amplitude of the signal while the angle φs represents the phase
and ∆φ represents the phase error.
be transmitted without losing the ability to distinguish them safely.
The LO is a key element of PSK that needs to be widely tunable in wavelength and
have narrow linewidth [NKM10]. Many approaches have been made to overcome
the linewidth restriction of conventional bulk semiconductor lasers.
In external cavity lasers, a mirror is aligned with one of the facets by a piezoelectric
translator. The cavity length of the laser is enhanced from several hundred microns
of the semiconductor laser to a length ranging from several millimeters to several
tens of centimeters [Ryu95]. A linewidth of less then 20 kHz has been achieved for
cavity length of 5 cm with a subsequent grating [MCWD85]. Another approach with
a rotatable grating yielded a linewidth of only 10 kHz with a tuning range of the
wavelength of 55 nm around the centre wavelength of 1.5 µm [WD83]. Still, these
lasers are very bulky compared to classic semiconductor lasers. Also the external
mirror needs to be adjusted very carefully which is a source of errors, as it is very
sensitive to e.g. mechanical vibrations and temperature change [Ryu95].
To overcome the sensitivity to mechanical vibrations, monolithically integrated
passive-cavity lasers with a passive waveguide section integrated with the active
laser section, have been invented. The passive section is significantly longer than
the active region, transparent for the laser light and high-reflection (HR) coated.
Linewidths lower than 900 kHz have been achieved, however the linewidth is strongly
dependent on the laser driving current due to the dependency on the feedback phase.
[FOM+ 85]
Another approach is the electrical feedback of the laser frequency noise. In this
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Figure 1.4: Scheme of the tunable laser array [IKO10]
technique the frequency noise of a distributed feedback laser (DFB) is discriminated
by a Fabry-Pérot-laser and fed back to the laser-driving current by a negative
feedback loop. The light reflected from the Fabry-Pérot interferometer can as
well be used to stabilize the laser frequency. The linewidth was reduced to 360 kHz.
But there is a limitation of linewidth reduction due to the non-uniform FM characteristic. [OT88]
To reduce the risk of mechanical failure, a monolithic approach is favoured. Ishii et
al. proposed a laser array with twelve λ/4-shifted DFB lasers coupled by a 12 × 1
multimode-interferometer (MMI) coupler as shown in Fig. 1.4 [IKO10]. To compensate for the loss in the coupler a semiconductor optical amplifier (SOA) is used.
The laser array shows a tuning range of 40 nm with a high SMSR of > 50 dB, an
output power of more than 20 mW and a narrow linewidth over the whole tuning
range between 88 kHz and 160 kHz [IKO10].
This array relies on multi quantum wells (MQW) as active region with a separate
confinement heterostructure (SCH) for the lasers and SOAs while the passive waveguides are formed from bulk InGaAsP with a bandgap wavelength of 1.3 µm.
Further linewidth reduction has been predicted by use of quantum dot (QD) material
compared to quantum wells (QW) [KHLK10]. The linewidth is described by [Hen82]
Rsp
(1 + α2 )
(1.3)
P0
where ∆ν is the spectral linewidth, Rsp is the spontaneous emission rate of the laser,
P0 is the output power and α is the linewidth enhancement factor. This linewidth
enhancement factor can go down to zero or even negative values [BGH+ 00] in ideal
QD due to the three-dimensional carrier confinement [ASN+ 83]. The linewidth enhancement factor of comparable QW lasers is in the region of 3-4 [AY86]. As the
α-factor enters equation (1.3) quadratically the reduction to zero will cause a reduction in linewidth of about one order of magnitude.
This thesis deals with the implementation of QD material to an integrated laser
array with a subsequent SOA section for use as local oscillator in coherent telecommunication. The objective is to show the beneficial effects of quantum dot material.
Narrower linewidth, wide range mode-hop free wavelength tunability and high modal
gain are expected. Other possible applications of this kind of lasers are absorption
∆ν ∝
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spectroscopy in the mid-infrared range [MBFG04] and evanescent field chemical
sensing that are very sensitive and selective in detection of molecules in gas and
liquid phase [CGFM06] and may be a focus for future investigations.
The examinee’s tasks comprised taking part in design and fabrication of the devices,
basic characterization of the fabricated light sources, reinstallation and optimization
of the delayed self-heterodyne linewidth measurement setup used at the Institute
of Nanostructuretechnologies and Analytics (INA) and linewidth measurement of
lasers and integrated light sources. Simulations of the device design have been performed by the department of Computational Electronics and Photonics at Kassel
University as part of the project MONOLOP in the EUREKA framework SASER.
All laser material has been grown in the group Technische Physik at the Institute
of Nanostructuretechnologies and Analytics at Kassel University. All devices were
fabricated at the INA with help of the examinee. Some of the linewidth measurements were performed at the Technion Israeli Institute of Technology in Haifa in
the frame of a cooperation between Technion and INA. In the frame of this thesis,
a bachelor and diploma thesis were supervised. The results are partly incorporated
and cited in this thesis.
The thesis is structured as follows: The first chapter presented the motivation of
this thesis, i.e. the increase of transmission rates in coherent communication. The
second chapter will give an overview of the theory and state of the art comprising
an introduction to quantum dots pointing out the benefits, a short evolution of distributed feedback lasers and semiconductor optical amplifiers that will be used in the
array and a short impression of the theory of linewidth and linewidth enhancement
factor that are expected to be improved by using QD material. The third chapter
introduces the work performed at the INA, i.e. the epitaxial structure of the laser
material, the basic design of the laser array introducing the three sections of the
laser light source and a short introduction to the techniques used in fabrication of
the lasers. Chapter 4 shows the performance of the lasers and laser light sources
concerning their output power, spectra and amplification of the SOA. The wavelength tuning with respect to temperature and injection current of arrayed lasers
is investigated. The fifth chapter introduces the linewidth measurement setup including the optimizations made. Furthermore, it compares the linewidth of devices
with respect to the number of quantum dot layers, the laser design, temperature of
the heat sink, influence of the amplifier and some more. Finally, a conclusion and
outlook are given in chapter 6.

5

2 Theoretical Background and State
of the Art
2.1 Quantum Dots
Quantum dots are studied intensely due to their unique and advantageous properties
like spatial localization of the carriers [SEH+ 04]. The key to their properties is the
quasi-zero-dimensional nature of the quantum dot.
First approaches to quantum dots (QD) have been made by Arakawa[ASN+ 83]
in 1983. To yield three dimensional carrier confinement, quantum wells (QW) were
exposed to magnetic fields of more than 30 T normal to the QW plane. The carriers
are quantitized in the z-plane by the QW structure. The emission behaviour during
application of the magnetic field gives evidence of quantization in the x- and y-plane,
i.e. fully quantized zero-dimensional carrier systems. [ASN+ 83] The generated areas
of confinement are called quantum boxes. The evolution of the structure and the
density of states as depicted by Arakawa and Yariv is given in Fig. 2.1 [AY86].
Gain and threshold of these quantum boxes were analyzed based on density-matrix
theory of semiconductor lasers with relaxation broadening. The magnitude of the
optical transition probability is given by the electronic dipole moment which is
formed by the electron and hole wave function. In the case of QD dimensions much
larger than the lattice period, the wave function is given by [AMS86]
Ψcnml = uc (r)φcxn (x)φcym (y)φczl (z)

(2.1)

where the subscript c denotes the conduction band (the equation for the heavy-hole
band is similar) and n,m and l label the quantized energy levels for the different
quantization directions. uc (r) is the periodic part of the bulk Bloch function and
φ are the envelope functions, i.e. the amplitude of the standing waves, along the
indexed directions [AMS86]
The matrix element of the dipole moment can thus be written as [AMS86]
Rch = hΨcnml | er | Ψhn0 m0 l0 i
' δnn0 δmm0 δll0

huc | er | uh i

X

(2.2)

k

where e is the electron charge, r is the position vector and huc | er | uh i is the bulk
dipole moment at fixed wave vector k, where k corresponds to the eight propagating
wave functions found in (2.1), i.e. k(±kx , ±ky , ±kz ). [AMS86].
The dipole moment rotates in the plane perpendicular to k. Latitude and longitude
are represented by θ and φ that are zero at y-axis and x-axis, respectively. Each
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Figure 2.1: a) shows the structural change from quantum wells to quantum boxes
and b) shows the evolution of the density of states as proposed by
Arakawa and Yariv, reprinted from Arakawa and Yariv, ”Quantum
Well Lasers - Gain, Spectra, Dynamics”, IEEE Journal of Quantum
Electronics, 22 (9) ©1986 IEEE
component of huc | er | uh i is then given by [AMS86]
R(cos θ sin φ + j cos φ), (for x-direction)
−R sin θ, (for y-direction)
R(cos θ cos φ − j sin φ), (for z-direction)

(2.3)
(2.4)
(2.5)

The magnitude R of the dipole moment is given by
R =
2

e~
2Ech

!2

Eg (Eg + ∆0 )
(Eg + 2∆0 /3)mc

(2.6)

with Ech as transition energy between electron and heavy hole, Eg as bulk band gap
energy, ∆0 as spin-orbit splitting and mc as condition effective mass [AMS86].
In QD structures the interaction between the dipole moment Rch and the electric
field of light E is calculated by averaging the dipole moment corresponding to the
eight directions of k causing the magnitude of Rch · E to be polarization dependent.

8
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It is largest when E is parallel to the longest side of the QD. The square of the effective dipole moment is given by averaging over the fixed directions of k under the
assumption that x is the longest side of the QD and E is parallel to the x-direction
[AMS86]
2
hRch
i = R2 (cos2 θ sin2 φ + cos2 φ)δll0 δmm0 δnn0
= R2 (ky2 + kz2 )/k 2 · δll0 δmm0 δnn0

(2.7)

2
The angles θ and φ depend on the shape of the QD causing hRch
i to be shapedependent. It will be maximum for cubic QD where the value of 2/3R2 is the same
as for bulk material.[AMS86]
From the density-matrix theory with relaxation broadening, the linear gain g of QD
lasers is given by [AMS86]

ω
g(ω) =
nr

s

∞

µ0 X Z
gch (fc − fv )~/τin
2
hRch
·
dEch
ε0 lmn
(Ech − ~ω)2 + (~/τin )2

(2.8)

Eg

The summation is made with respect to quantized energy levels, ω is the angular
frequency, ε0 is the dielectric constant, µ0 the permeability of the vacuum and nr
is the refractive index of the QD. The Fermi functions of the quasi-Fermi levels
Ef c and Ef v are fc and fv , respectively, and are determined by the injected carrier
density. τin denotes the intraband relaxation time and gch is the density of states of
electron-hole pairs with the same quantized energy levels. [AMS86]
The electron density N and the hole density P (' N ) in the QD can be expressed
by the quasi-Fermi levels [AMS86]
P 'N =

2

X
h
lmn

1 + exp



Ecmnl −Ef c
kT

i

wx wy wz

(2.9)

Calculations show that the gain becomes much more peaked with higher maximum
values and increased differential gain for higher degrees of quantization as can be
seen in Fig. 2.2a. In quantum boxes, the density of states is delta-function-like
resulting in a gain that is only depending on the relaxation broadening while else
the density of states and thermal distribution of the carriers need to be considered.
A reduction of factor 15 could be shown for GaAs/GaAlAs quantum boxes with a
side length of 100 Å where the intra band relaxation time τin was assumed to be the
same as bulk value in order to see the effect of the density of states.[AMS86]
The theory neglects exitonic effects, band warping at high energy in the conduction band and change in the intraband relaxation time from the bulk value. All
of these factors will increase the gain making the given value a minimum gain for
QD structures. [AMS86] This is a clear advantage of QD lasers making QDs a very
interesting material for laser applications.
Still, the fabrication of quantum dots has been a challenge for a long time. There
are two approaches for the fabrication of QDs. In the top-down approach, a QW is
structured, mostly but not exclusively by direct lithography [Vah88]. The size limits
and effects of fabrication tolerance are analyzed. The lower limit of the QD size is
given by the critical radius below which no bound electron states exist. This radius
is the minimum QD size. The maximum QD size is given by the need to create a
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Figure 2.2: Picture a) shows the gain for different levels of quantization of the active
material, reprinted from Asada et al. ”Gain and the threshold of threedimensional quantum-box lasers” IEEE Journal of Quantum Electronics,
22 (9) ©1986 IEEE. Picture b) shows an atomic force micrograph of
QD. Reprinted from Sichkovskyi et al. ”High-gain wavelength-stabilized
1.55µm InAs/InP (100) based lasers with reduced number of quantum
dot active layers, Applied Physics Letters 102, 2013, with the permission
of AIP Publishing.
discrete state space, i.e. the spacing of the states needs to be larger than kB T . A
drawback of this technique is that usually pillars are created that are mechanically
less stable than bulk material. [BGL99]
This leads to the use of prepatterned surfaces to promote the growth of QDs in
V-groves with a much larger size than the targeted quantum dots. [BGL99] This
method is some kind of mix of top-down (forming of the V-groves) and bottom-up
(growth of the QD) processing.
The most promising way of fabrication is the bottom-up approach, i.e. the selforganization of dots by molecular beam epitaxy or metalorganic vapor phase epitaxy [SMO+ 95]. In epitaxy, three growth modes are possible. The mechanisms are
depicted in Fig. 2.3. Theoretically, either direct growth of islands in VollmerWeber mode or island growth on a so called wetting layer in Stranski-Krastanov
mode are possible, depending on the surface strains of the material system. In order
to use the effect of three-dimensional quantum-confincement, the dot size and uniformity of size distribution need to be controlled closely [SMO+ 95]. An increase of
factor 5.5 in linewidth has been shown by intentional increase of the size distribution
of the QD active material [KHLK10].
A good aspirant for the use in long-haul telecommunication are InAs quantum dots
grown on InP. Due to the lower lattice mismatch (3 % instead of 7 % in GaAs), the
band gap is lower (about 0.8 eV ) and a wavelength of around 1.55 µm is achieved
[SNS01]. Yet, the formation of InAs QD on an InP substrate has not been shown for
a long time. First results were shown for InAs QD confined in AlInAs that was lattice matched to h100iInP. The dots were grown by molecular beam epitaxy (MBE)
at a temperature of 525◦ C and characterized by transmission electron microscopy
(TEM) and photo luminescence (PL). [FWM+ 95]
The InAs was grown on a 0.5 µm thick nominally lattice-matched AlInAs buffer
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Figure 2.3: Simplified depiction of the possible growth modes. The growth mode
will depend on the surface tension differences of the materials with each
other and with air. The mode with minimum surface tension is preferred.
layer at a very low growth rate of ∼ 0.05 monolayers/s, i.e. 0.016 nm/s, for more
accurate thickness control. Two InAs layers with different nominal thickness were
grown and separated by 100 nm of AlInAs. A second sample with only one InAs
layer was grown for comparison. The InAs layers are very thin with a thickness
range from 3.7 to 6.5 monolayers (corresponds to 1.2 to 2.1 nm). The TEM characterization reveals round shaped QD with uniform size distribution (∼ 41 ± 5 nm in
diameter with a height of ∼ 7.6 nm) and PL characterization shows a broad peak
with a center wavelength of ∼ 1.6 µm. Low temperature PL shows shoulders in the
emission peak that are attributed to filling of the ground state and PL emission
from excited states that broaden the emission peak. [FWM+ 95]
Still, the complex growth kinetics caused by the low lattice mismatch enable a
large variety of island formation patterns ranging from quantum wires over quantum dashes to quantum dots. The influence of the use of As2 or As4 in InAs island
formation on InAlGaAs is investigated [GPR10].
The use of As4 was shown to yield elongated QDash structures that are less favourable
for laser applications as they do not represent real three dimensional confinement of
the carriers. In contrast, the deposition of 5.0 monolayers of InAs with the use of
As2 on a 100 nm buffer layer of InP embedded in a 100 nm layer of lattice-matched
In0.528 Al0.238 Ga0.234 As and a growth stop is implemented at the InAlGaAs/InP interface to allow for group V exchange. All layers are deposited by solid-source MBE.
The growth temperature is reduced in comparison to the first reported method to
460◦ C for the InP buffer layer and 490◦ C for InAlGaAs and InAs while the growth
rate is increased to 0.125 nm/s. This is enabled by valved solid source cracker cells
that allow a precise control of the flux and enable rapid beam flux changes. The
change from As4 to As2 is accomplished by increasing the temperature in the cracking zone from 650◦ C to 925◦ C. [GPR10]
While in the case of As4 , QDashes are formed that will not be altered by the III/V
ratio, the formed QD will show increased size with increasing III/V ratio when As2 is
used during growth. In addition, the form changes. Low III/V ratios will still cause
a slight elongation of the dots while high ratios yield very round-shaped dots. The
dot density is almost constant. From these results, it is assumed that the number
of nucleation centers remains unchanged while the use of As2 influences the indium
migration on the surface. [GPR10]
The investigation by PL measurement revealed a much narrower linewidth of 33 meV
for the QD obtained by As2 compared to 54 meV for the As4 QDashes for both samples grown with a beam equivalent pressure (BEP) of 30. Higher BEPs were found
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to increase the linewidth while it decreases the number of dashes contained in the
layer. Another way to decrease the number of dashes had to be found. Increasing
the QD layer thickness to 6.0 monolayers with a V/III ratio of 15 yielded very good
uniformity of the dots with a record-low PL linewidth of 23 meV . [GPR10]
These QD are the basis for a study of the influence of the number of stacked layers
on the temperature dependence on the emission wavelength. Each layer consists of
4.5 ML of InAs deposited at 500◦ C in an As2 environment. An AFM micrograph
of the QD is given in Fig. 2.2b. A PL emission with a linewidth as low as 24.7 meV
was achieved.[SWR13]
Broad area lasers were fabricated to evaluate the properties of the epitaxy. High
modal gain of 10 cm−1 per QD layer has been found by pulsed measurement. Very
low temperature drift of the wavelength down to 0.078 nm/K has been accomplished
for temperatures from 10 to 50◦ C.[SWR13]
These properties show the excellent suitability of quantum dots for application in
lasers for telecommunication. The high modal gain and low PL emission linewidth
provide for high output powers and narrow linewidth of the fabricated laser. The
low temperature dependence of the wavelength enables mode-hop free wavelength
tuning. In summary, all the desired features are provided.

2.2 Distributed Feedback Lasers
The principle of distributed feedback lasers was first proposed in 1971 by Kogelnik
and Shank as a compact and mechanically stable laser device[KS71]. This laser
structure comprises a periodic structure providing feedback by backward Bragg
scattering and does not need mirror facets making it an interesting candidate for
integration [NAUY75]. In contrast to Distributed Bragg Reflectors (DBR), the
periodic structure is not attached to the end facets of the cavity but, as the name
implies, distributed over the whole length of the cavity. The feedback can be gain or
index coupled, i.e. periodic variation of the gain or the refractive index, respectively.
There are, however, combined mechanisms coupled by gain and index at the same
time as well. This grating structure provides a filter function restricting the emission
to a narrow spectral range. [KS71]
For index and gain coupled gratings, the refractive index n(z) and gain constant
g(z) are described by [KS71]
n(z) = n + n1 cos Kz
g(z) = g + g1 cos Kz

(2.10)
(2.11)

where z is the position on the optical axis. The wavenumber K is described by 2π/Λ
with Λ being the period of the grating that determines the wavelength λ0 by the
Bragg condition λ0 /2n. n1 and g1 are the grating heights, i.e. the amplitude of
the variation.
The electric field in this structure consists of two propagating waves due to the
feedback. It can be described by [KS71]
E = R(z)e
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−jKz
2

+ S(z)e

jKz
2

(2.12)
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The complex amplitudes of these waves are R and S, respectively, with the boundary conditions R(−L/2) = S(L/2) = 0. This means that the wave amplitude is zero
at the starting point and it receives its amplitude only from feedback from the other
wave.
For large gain factors G = exp(2αL) a simplified expression for the threshold condition can be given. The start oscillation condition is [KS71]
πn1
4g G =
λ
2



2

+

g12
4

(2.13)

For pure refractive index modulation and pure gain modulation, respectively, the
threshold condition becomes [KS71]
n1 =

λ0
G
ln √
L
π G
g1
4
=√
g
G

(2.14)
(2.15)

As soon as the gain exceeds the threshold by a factor of two, emission starts with a
spectral bandwidth ∆λ of about [KS71]
λ0
∆λ
=
ln G
λ0
4πnL

(2.16)

Tests with a gelatin grating soaked with rhodamine 6G showed a reduction of the
output linewidth by a factor of ten. Single-line operation was achieved [KS71] proving the suitability of the structure for telecommunication purposes.
In semiconductor lasers, cw lasing at room temperature could be achieved by use
of separate confinement heterostructures (SCH), i.e. surrounding the gain material
with a low refractive material for better confinement. [NAUY75]
Infra-red laser emission in the range around 1.55 µm is of special interest due to the
low losses in optical fibres. This spectral range is very promising for telecommunication. First 1.55 µm DFB lasers were achieved in the GaInAsP/InP material system.
The DFB and DBR structures are preferred over double heterostructures (DH) due
to the better frequency control. Mikami proposed a device with an active region
grown on a corrugated InP substrate. The active layer is separated from the grating
layer by a waveguide to avoid non-radiative recombination that will reduce the light
output of the laser. [Mik81]
A drawback of the DFB laser is that a regular grating and fully anti-reflective coatings will yield a depletion zone lined by two peaks with equal threshold current
[KS71] as can be seen from the spectrum marked with ”conventional” in Fig. 2.4
[GSL96]. This poses problems for the use in telecommunication and a lot of investigation was devoted to find a solution.
From the beginning, DFB lasers were observed to exhibit single-mode emission despite theoretical predictions due to the effect of the phase corrugation at the reflective facets. This is why the effect of the facets was investigated [UASM84]. For
this purpose, lasers with two, one and no reflective facet have been compared. To
disable the reflection, the lasers were equipped with window-sections relying on a
passive region adjacent to the laser cavity.[UASM84]
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Figure 2.4: The graph shows the comparison of the spectra of a conventional DFB
laser with the spectra of a DFB laser with a quarter wavelength shift
introduced to the middle of the grating (QWS) and three λ/12 shifts
distributed over the whole length of the grating. Reprinted with permission from Hooshang Ghafouri-Shiraz and B.S.K. Lo ”Distributed feedback laser diodes: principles and physical modelling” ©John Wiley and
Sons 1996
It could be observed that for lasers with two window regions, the theoretically expected two modes are observed. A first cleaved mirror facet will cause an additional
phase-shift Ω that will change the threshold current densities Jth0 and Jth1 of the
occurring modes with the first being the weaker one until one mode becomes dominant. To describe this change, the ratio Jth1 /Jth0 is used. In case of no phase change
or θ = ±π /2 , the ratio will be 1 and both modes are emitting. The larger the ratio
becomes, the more stable single mode emission occurs. In case of κL = 2 − 3 which
is a practical value, the maxima occur at θ = −4π /5 ∼ −3π /4 and −π /4 ∼ −π /5 .
In most cases, single mode emission was observed while multi-mode emission is still
possible. However, the device has a reduced threshold current compared to lasers
without reflective facets as the photon density in the cavity is increased. [UASM84]
In case of two cleaved facets the phase shifts at the cavity ends will add up and the
Fabry-Pérot modes are competing with the single mode and may come to lase.
Only if the Bragg wavelength and the gain peak wavelength coincide, the DFB
mode is dominant and will mostly yield a single mode. [UASM84]
In summary, lasers with one reflective facet have a chance of emitting a single mode
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Figure 2.5: Schemes of a stand-alone DFB laser setup with and without phase shift.
Reprinted with permission from Larry Coldren and Scott Corzine ”Diode
Lasers and Photonic Integrated Circuits” ©John Wiley and Sons 2012
[UASM84], yet, this is a gamble as the phase of the cleaved facet can not be controlled during cleavage [KKN85]. Also, the effect does not work for fully integrated
lasers as the neighbouring sections do not allow facets. In order to use the effect of
the phase shift more controllably, a 2Ω shift is inserted in the middle of the DFB
grating. [AUU87] A scheme comparing the two grating types is given in Fig. 2.5
[CC95].
This shift in the grating changes the refractive index variation n(z) to [AUU87]



n0 + ∆n cos 2π z + Ω , z < 0
Λ

n(z) =
n0 + ∆n cos 2π z − Ω , z ≥ 0
Λ

(2.17)

with n0 as average refractive index and the amplitude of variation ∆n. The propagating waves are then described by the wave equations [AUU87]

−

dR
+ (g − jδβp )R = jκexp(∓jΩ)S
dz
dS
+ (g − jδβp )S = jκexp(±jΩ)R
dz

(2.18)
(2.19)

where κ is the grating induced coupling factor of the waves, g is the gain, Ω the
phase shift and ∆βp is the difference of the propagation constant of the wave and
the propagation constant at the Bragg wavelength λ0 . The general solution of the
former equations are [AUU87]
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R(z) = r1 exp(γz) + r2 exp(−γz)
S(z) = s1 exp(γz) + s2 exp(−γz)
γ 2 = (α − jδβ)2 + κ2

(2.20)
(2.21)
(2.22)

The boundary conditions at the phase shift and the ends of the cavity will determine
the field distribution. [AUU87]
The ideal value for Ω is determined by observing the change in the threshold condition. If Ω = 0, i.e. the grating does not have a corrugation at L /2 the threshold
of the resonant modes λ0 and λ1 are equal and both modes will start lasing. With
increasing Ω, the resonant mode will move towards smaller propagation constant
δβL and the threshold gain gth (λ0 ) decreases while the threshold gain of λ1 rises.
The minimum of the threshold gain is found at the Bragg wavelength λB with
Ω = π/2 which corresponds to a λ/4-shift. [AUU87] An example of the spectrum
created by a λ/4-shift is given in Fig. 2.4 [GSL96]
But the shift in the grating is not the only factor to be considered in the laser design. A stable side mode suppression depends on the threshold gain difference ∆gth
and the coupling strength κL. A higher coupling strength will decrease the output
efficiency as well as the threshold current Ith making consideration necessary. It was
reported that large coupling strengths may lead to instabilities due to nonuniform
power distribution along the cavity length. [AUU87] This is why the DFB laser
should be designed very carefully.
In DFB lasers with a facet reflectivity of zero, the coupling coefficient κ and optical
confinement factor ξ will play a role in the polarization of the emitted light as well
as the thickness of the active layer. The grating depth influences the reflectivity that
corresponds to the mirror reflectivity in FP lasers, the change will be reflected in the
coupling strength of the laser. Calculations show that the active layer thickness is a
crucial parameter in the design of λ/4-shifted lasers in terms of the threshold current
density ratio of the TE and TM polarization. Experimental results confirmed the
calculated data in the range of fabrication accuracy.[AUU87] This shows that the
λ/4-shifted laser is a reliable stable laser device for integration in laser light sources.
Anyways, these lasers will show multi-mode behaviour at higher output powers due
to a reduction of the amplitude gain difference. This is caused by spatial hole burning. [GSLC94]
The effect originates from the intense electrical field at the phase shift of the grating.
In order to reduce this peak and yield a more uniform field distribution, multiple
phase shifts that will sum up to a quarter wavelength shift are introduced. The transfer matrix method is used to optimize the phase-shifts and their position. [GSLC94]
The results show that the phase-shifts and their positions will be in trade-off when
trying to optimize the gain difference and field uniformity at the same time. This
can be seen when comparing the quarter wavelength shift (QWS) and 3 phase shift
(3PS) spectra in Fig. 2.4 [GSL96]. The 3PS will yield a lower SMSR and output
power, yet it is expected to be more stable.
In order to reduce the linewidth of the DFB laser, it is necessary to optimize the field
distribution to stay uniform even at high values of κL. In order to avoid mode-hops,
the gain difference ∆g should be larger than 0.05 cm−1 while the field distribution
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factor of flatness F should be lower than 0.05. It is defined as [GSLC94]
1 Z z2
(I(z) − I)2 dz
F =
L z1

(2.23)

where I(z) is the intensity at position z, I is the average intensity and L is the
cavity length.
The best performance was shown for equal phase shifts of π/3 with the outer phase
shifts not being too close to the facets as the optical feedback will increase. No
general conclusions on an ideal phase shift combination and positions can be made.
The exact laser material and device design and the aimed properties have to be
taken into account. [GSLC94]
In summary, the chapter shows the evolution and possibilities of DFB lasers. In
the present work, lasers without phase-shifts and with three λ/12 phase shifts are
used. A variation of as cleaved, HR coated and AR coated lasers will be shown and
evaluated. The results are in good accordance with the presented theory.

2.3 Semiconductor Optical Amplifier
Semiconductor optical amplifiers (SOA) are devices that are very interesting for
many applications such as optical communication, switching, signal processing,
[Eis89] and other optical systems that are loss limited [Ols92]. SOAs have a much
smaller device size and lower pump power than fiber Raman amplifiers that will
need fibre lengths of several kilometers [AES+ 05] and in contrast to Erbium-doped
fibre amplifiers, they can be used in fully integrated devices.
The basic design is that of a laser diode with reduced facet reflectivity. Depending
on the reduction of the reflectivity, the laser will work as a traveling wave amplifier,
i.e. with a single pass, or as a resonant amplifier [Ols92]. When the device is biased,
carriers assemble in the active region as it is usually lined by higher bandgap material. If a sufficient number of carriers is injected, incoming light will stimulate the
emission of a photon with the exact same properties as those of the incoming light,
thereby amplifying it. Additionally, the active layer serves as waveguide leading the
amplified light to the facet of the SOA.[Eis89]
As the SOA does not have a grating filtering the wavelength, it will amplify the whole
gain spectrum of the active material at a very large bandwidth [Eis89]. The gain
spectrum varies depending on the quality of the anti-reflection coating. For lower
quality a considerable fraction of the light is reflected back to the amplifier cavity
causing resonances that can be seen in the gain spectrum as a series of peaks corresponding to the longitudinal modes known as gain ripple, while for low reflectivity
there is no feedback and the amplifier gain spectrum is very smooth. As the reduction of the reflectivity by an AR coating is strongly dependent on the wavelength,
SOAs will always work as both, traveling-wave and resonant amplifiers, depending
on the amplified wavelength. [Ols92] To achieve less than 3 dB gain ripple a facet
reflectivity of less than 0.01% is needed which is very laborious if carried out with
AR coatings as it requires tight control of refractive index and layer thickness of the
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coating and in situ monitoring. [ZOC+ 87]
The amplifier adds spontaneous emission noise to the amplified laser signal that will
depend on wavelength, facet reflectivity and pump rate among others. This means
that the better the AR coating of the facet, the less noise will be introduced to the
signal. Possibilities are adding a passive section as for example in integrated devices,
depositing a dielectric anti-reflective coating or adding a tilt to the waveguide. By
slanting the waveguide from the cleaved facet the reflected light is lead out of the
waveguide and lost. [ZOC+ 87] The reflectivity will influence the gain modulation
and thereby the amplification.
The single-pass small-signal gain g can be expressed by [Eis89]
g = exp{L[Γg0 (N − N0 ) − Γα1 ] − α2 L}

(2.24)

with L being the device length, g0 the linear gain coefficient, N0 the transparency
carrier density, N the carrier density in the active region, Γ the confinement factor
and α1 and α2 the coupling losses into and out of the cavity, respectively. For low
input signals every amplifier can work in the traveling wave regime [Ols92]. Large
input signals will reduce the amplifications due to non-linear effects [Eis89] and at
high pump rates, the signal is distorted (pattern effect) due to gain saturation of
the SOA [AES+ 05].
These factors limit the performance of the amplifier. This is why the active material
is to be replaced by QDs that will increase the pattern-effect-free output power as
well as the bandwidth of amplification [AES+ 05].
Incident light will extract only electrons of those QDs corresponding to its wavelength saturating the gain, i.e. hole burning. The unique property of QDs is to
acquire ultrafast gain recovery by supplying electrons from the surrounding material. Due to this effect, the gain response is fast enough to follow the intensity change
of 10 − 40Gb/s signals. Additionally, the saturation power is raised by raising the
Fermi level at the maximum of current density due to concentration of the carriers
into a smaller total active volume. This effect also raises the bandwidth of gain,
saturation power Psat and the large noise figure N F . [AES+ 05]
To explain the effect of increased output power saturation the propagation equation
of the photon density S(z, T ) along the optical axis z with the time T in the form
of T = t − vg−1 z is considered. It can be written as [SAH+ 02]
δS(z, T )
= [Γg(z, T ) − αi ] S(z, T )
δz

(2.25)

where αi is the internal loss of the material, Γ is the confinement factor and g(z, T )
is the optical gain that is characterized by [SAH+ 02]
g(z, T ) = gdif f [N (z, T ) − N0 ]

(2.26)

with gdif f being the differential gain, N (z, T ) the carrier density and N0 the transparency carrier density. The carrier density N (z, T ) is described by its rate equation
[SAH+ 02]
dN (z, T )
Ne − N (z, T )
=
− ΓS(z, T )g(z, T )
(2.27)
dT
τb
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where Ne = Jτb /ed is the steady-state carrier density at S(z, T ) = 0 with d representing the thickness of the active layer and τb is the carrier recombination life time.
Assuming cw-operation, the time T will be eliminated in each term and S(z, T )
will be simplified to S(z). Under these circumstances, the steady-state gain of the
material can be written as [SAH+ 02]
g(z) =

g (0)
1 + S(z)/Ssat

(2.28)

with the saturation carrier density Ssat = (gdif f τb Γ)−1 and g (0) = gdif f N0 (J/Jtr − 1)
where Jtr = edN0 /τb . The amplifier optical gain GSOA is calculated by integrating
(2.25) for a device length L while neglecting the internal loss αi [SAH+ 02].
S(L)
[G − 1] S(L)
=
= G(0) exp −
S(0)
GSsat
(

GSOA

)

(2.29)

with the unsaturated single-pass amplifier gain G(0) = exp(Γg (0) L) [SAH+ 02]
If the saturation power Psat is assumed to be the power causing (2.29) to return
GSOA = G(0) /2, it can be written as [SAH+ 02]
hωDa
Psat ∼
= (ln 2)hωDa Ssat = (ln 2)
Γgdif f τb

(2.30)

where Da is the cross section of the active region and hω is the photon energy.
Combining the latter two equations will yield the product of the unsaturated gain
with the saturation output power divided by the length of the SOA [SAH+ 02]
(ln 2)hωDa Jtr
Psat • ln G(0)
=
L
ed



J
−1
Jtr



(2.31)

From (2.31) it can be seen that there is a trade-off between gain and saturation
power at constant current density. The introduction of QDs to the system will
tackle the problem by reducing the optical confinement factor Γ and the differential
gain gdif f , thereby decreasing the saturation power Psat . The optical confinement Γ
will be reduced by the filling factor of the QDs compared to bulk material meaning
that the saturation power can be reduced by the inverse of the filling factor at the
cost of amplifier gain or device length. Additionally, due to the discrete density
of states QD SOAs will display deep quasi-Fermi levels that will cause decreased
gdif f when the optical gain in the ground state is used. [SAH+ 02] The increased
bandwidth of quantum dot semiconductor optical amplifiers can be attributed to the
size distribution of the QDs and can be tailored by the deposition process. [Aki01]
The high saturation power and wide bandwidth that are possible in quantum dot
semiconductor optical amplifiers make them excellent candidates for use in local
oscillators that need to show a wide wavelength range and narrow linewidth, i.e.
low noise. They are to be integrated into the investigated integrated light source for
these reason. Results on the performance will be shown in 4.2.

19

2 Theoretical Background and State of the Art

2.4 Linewidth of a Distributed Feedback Laser
The linewidth of a laser is a crucial property for lasers used in optical telecommunication as it increases the possible number of signals transduced in parallel, especially
in phase shift keying.
The first attempts of describing the linewidth have been done by Schawlow and
Townes in transferring the principle of masers to the optical and infra-red spectrum. The expectation was to receive one or few modes corresponding to the radiative transition of the cavity or in case of semiconductor lasers the band gap energy
of the active material. But as practical cavities for infra-red light are much larger
than the wavelength of the laser, many modes are possible and cause spontaneous
emission that will add waves of random phase to the selected mode. [ST58].
Later, Lax expanded the theory by omitting the linearization for low phase fluctuations as the broadening of the δ-function is closely related to the break-down of the
quasi-linear approximation. The origin of his model is the solution of the complex
amplitudes describing the oscillation starting at t0 . As there is no cost in energy in
passing from the initial state to a solution with slightly different starting time, i.e.
a different phase, phase fluctuations are not suppressed. The variation of the phase
can be described as a Brownian motion. Another statement is that for oscillators
with a frequency that is a function of the operating point, the fluctuations of amplitude and phase will be coupled causing an additional increase in linewidth. [Lax67]
An intuitive derivation of the linewidth is given by Henry. Following Lax the field
is described by a complex amplitude β that is normalized to assimilate the average
intensity I = β ∗ β and the average number of photons in the cavity. β is described
by [Hen82]
1
β = I /2 exp(iφ)
(2.32)
I(t) is the intensity of the laser field while φ(t) represents the phase of the laser
field. The ith spontaneous emission event will alter β by ∆βi that has a random
phase and unit magnitude. It is described by [Hen82]
∆βi = exp(iφ + iθi )

(2.33)

where θi is random. An illustration of the complex amplitudes is given in Fig. 2.6.
The rate equations for I and φ are set up and solved for the phase change ∆φi
caused by a single spontaneous emission event that alters the light field from the
steady-state. The laser will undergo damped relaxation oscillations to return I to
the steady-state. Small phase changes are assumed so that ∆φi is linear and the total phase change can be calculated by summing up the individual changes. [Hen82]
0
The phase change consists of two parts, ∆φi due to the out of phase component
00
and ∆φi caused by the intensity change that is coupled to the phase change. The
primary phase and intensity change, respectively, can be deduced from Fig. 2.6
using the law of cosines. [Hen82]
0

1/
2

cos(θi )

(2.34)

1/
2

cos(θi )

(2.35)

∆φi = I −
∆Ii = 1 + 2I
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Figure 2.6: Amplitude field plane with real and imaginary axes βr and βi , respectively, with intensity I and phase φ in the steady-state and the intensity
altered by spontaneous emission with θi being a random angle [Hen82]
The second term of (2.35) averages to zero. From the rate equations φ̇ = α /2 (G−γ)
and I˙ = (G − γ)I with G being the net rate of stimulated emission and γ the rate
of cavity loss caused by facet and waveguide losses follows the equation of the phase
00
change caused by intensity change ∆φi . [Hen82]
00

α
∆Ii
2I
α
1
= − (1 + 2I /2 cos(θi ))
2I

∆φi = −

(2.36)

The total phase change is then the sum of (2.34) and (2.36) [Hen82]
0

00

∆φ = ∆φ + ∆φ
α
1
= − + 1 /2 [sin(θi ) − α cos(θi )]
2I I

(2.37)

With the average spontaneous emission rate R, the first term will result in an average
phase change that is caused by spontaneous emission that will alter the stimulated
emission rate G = γ to G = γ − R/I. [Hen82]
αRt
(2.38)
2I
With the total number of spontaneous emission events N = Rt the over all phase
fluctuations will be [Hen82]
h∆φi = −

∆φ =

N
X

I

1/
2

(sin(θi ) − α cos(θi ))

(2.39)

i=1

21

2 Theoretical Background and State of the Art
As the cross terms will vanish for random angles when calculating h∆φ2 i, the equation will result in [Hen82]
R(1 + α2 )t
(2.40)
2I
Due to the phase executing Brownian motion and its Gaussian probability distribution it can be shown that [Hen82]
h∆φ2 i =

hβ(t) ∗ β(0)i = |β(0)|2 exp(−|t|/tcoh )

(2.41)

with the coherence time tcoh
h∆φ2 i
(2.42)
2t
The linewidth can be calculated from the inverse of the coherence time. [Hen82]
t−1
coh =

R
(1 + α2 )
(2.43)
4πI
As I is not very handy in lab experiments, it is to be expressed by the output power
per facet P0 which is easily measured as will be discussed in Section 4.1.
In order to calculate the intensity I with respect to the power P0 , the number of
photons per unit lengths of the cavity traveling along the optical axis is considered
and named u. [Hen82]
∆ν = (πtcoh )−1 =

u(z) = u(0)exp[(g − αL )z]

(2.44)

with g being the gain and αL is the losses in the waveguide.
I=2

Z

L

u dz

(2.45)

[(exp(g − αL )L) − 1]
g − αL

(2.46)

0

= 2u(0)

With the group velocity vg being the ratio of photon flux and photon density, the
output power can be written as[Hen82]
P0 = (1 − rm )vg u(L)hν

(2.47)

with hν being the energy of the laser line and rm the facet reflectivity. This equation
can be converted and set into the equation of the intensity [Hen82]
I=

2P0
hνvg αm

(2.48)

By relating spontaneous emission rate R and gain g and combining the equation
with the equations of the linewidth and the intensity, the linewidth depending on
the output power can be rewritten as [Hen82]
vg2 hνgns pαm (1 + α2 )
∆ν =
8πP0
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(2.49)

2.4 Linewidth of a Distributed Feedback Laser
This equation is focused on Fabry-Pérot lasers. For DFB lasers with non-reflective
facets and no phase-shifters, the light field is different due to the distributed feedback that replaces the mirrors. Careful evaluation showed that (2.49) is valid for
DFB lasers as well with the requirement, that the cavity loss αm = 2αth with αth
being the net amplitude threshold gain. This means that the main difference between Fabry-Pérot lasers and DFBs is the cavity loss.[KKN85]
In case of a grating with a λ /4 phase shift the boundary conditions at the center of
the cavity must be taken into account. It will merely change the threshold condition
to [KKN85]
"

κ
b − jγ coth(γL/2)

#2

exp(−2jφ) = 1

(2.50)

In case of lasers with mirror facets, the total output power 2P0 has to be replaced
by the respective output powers Pl + Pr . The ratio of Pl and Pr will be obtained by
rewriting the wave equations in the general term [KKN85]
R(z) = r1 eγz + r2 e−γz
S(z) = s1 eγz + s2 e−γz

(2.51)

where r1 , r2 , s1 and s2 are arbitrary constants that can be calculated from the facet
reflectivities and the confinement of the laser structure. The final equation defining
Pr is [KKN85]
Pr = vg hν(1 − ρ̂2r )|RL/2|2

(2.52)

Numerical calculations were performed for AlGaAs/GaAs lasers. As most values
are very similar to those of the InGaAsP/InP system, the general conclusions will
be applicable as well.[KKN85]
It could be shown that the linewidth will drastically decrease with increasing coupling factor of the grating κ and cavity length L. As the differential quantum efficiency
ηd will decrease with increasing κ and L achieving high output power and narrow
linewidth are a trade-off. Yet, in case of κL  1 ∆ν will be proportional to α0
while ηd is proportional to 1 /α0 which implies the importance of reducing α0 that
consists of the absorption losses and scattering losses. The absorption losses will
decrease for improved doping of the active and cladding layers while the scattering
losses depend on the quality of the gratings and crystal interfaces making careful
fabrication an essential factor. The best results were observed for first order gratings
that demand very sophisticated processing. Very good control of the uniformity of
thickness and composition of the epitaxial layers will also prevent the reduction of
κ with increasing cavity length. [KKN85]
Another result is that especially for longer lasers the phase-shift of the grating has
a great influence by increasing the threshold gain difference of the laser modes. The
maximum difference is seen for Ω =π /2 where the linewidth becomes minimum.
The effect is more pronounced in longer lasers. At a cavity length of L = 1000 µm a
reduction of factor 5 was calculated. However, the phase change at the mirror facets
only has minor influence on the linewidth which comes in handy as the phase of the
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facet can not be controlled in conventional cleaving processes. [KKN85]
Finally, (2.49) shows the dependence of the linewidth on the gain, spontaneous emission rate and LEF that are material parameters and 1 /P0 that is dependent on the
injection current, i.e. the operating point of the laser. The most dominant factor
in this equation is α as it enters the equation quadratically. This is why the next
section will be devoted to a closer look on the LEF.

2.5 Linewidth enhancement factor
In the preceding section the derivation of the linewidth equation was shown. From
this equation the importance of the linewidth enhancement factor (LEF) can be
easily seen. This is why this section will deal with it.
During the first measurements of an InGaAs injection laser, a broadening of the
laser linewidth could be observed that could not be explained by gain saturation
as the 1 /P dependence was maintained nor by spectral hole burning [FM81]. The
difference of the measured and theoretical value were explained by introducing the
linewidth enhancement factor (LEF) or α-factor [Hen82]. There are two approaches
to explain the LEF, the first is a change in the complex refractive index n(N ) that
is caused by spontaneous emission events [Hen82] The second is a change in the
complex susceptibility χ(ne ) that is caused by the coupling of gain and loss with the
refractive index [OB87].
According to the approach regarding the refractive index the linewidth arises from
spontaneous emission events altering phase and intensity of the laser light field. The
instantaneous phase change caused by spontaneous emission is accompanied by a
delayed phase change resulting from the instantaneous change in field intensity. To
return to the steady-state the laser undergoes relaxation oscillation causing a net
00
00
gain change of ∆g(t) = (−2ω/c)∆n with ∆n being the difference between the
imaginary part of the refractive index and its steady-state value. This change is
0
caused by carrier fluctuations that will alter the real part of the refractive index n
00
as well as in the imaginary part n . The ratio of these changes defines the LEF by
[Hen82]
0
∆n
(2.53)
α=
∆n00
0

A change in n will cause changes by an additional phase shift of the laser field.
These fluctuations and thereby the linewidth broadening by 1 + α2 are caused by
changes in the carrier density and the intensity fluctuation, respectively. [Hen82]
Since both changes originate from the spontaneous emission, the LEF is expected
to decrease in QD lasers as they exhibit reduced spontaneous emission [AY86]. The
LEF in this form can be mathematically compared to the detuning parameter in
detuned gas lasers. [Hen82]
The second approach is to calculate α by the ratio of real (i.e. the refractive index) and imaginary (i.e. the gain) part of the susceptibility derived by the electron
density ne that causes the fluctuations. Both, real and imaginary part, are also
depending on the photon energy. [OB87]
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α=−

d[<{χ(ne )}]/dne
d[={χ(ne )}]/dne

(2.54)

As the carrier-induced contribution to the refractive index and the imaginary part
of the permittivity are much smaller than the refractive index in the absence of
carriers (2.54) can be rewritten as[OB87]
α = −2k

dn/dne
dg/dne

(2.55)

where k is the free-space wave vector, n is the refractive index and g is the gain per
cavity length. In practical semiconductor lasers, the light field will penetrate the
cladding layer that lies adjacent to the active material changing the refractive index
to the effective refractive index nef f and the gain to the modal gain in (2.55). Yet
calculations show that there is practically no difference in the equation, i.e. only
the active material needs to be considered. [OB87]
The refractive index and gain of a semiconductor laser are coupled in agreement
with the Kramers-Kronig relation. A gain peak will cause the refractive index
to decrease on the low energy side and to increase on the high energy side. This
means that the refractive index will change with the gain upon changed injection
levels and cause a phase modification of the optical mode. [BGH+ 00]
The LEF can now be calculated from the gain spectrum via the Kramers-Kronig
relation. In the case of quantum dots, the growth parameters can be used to influence
size and uniformity of the active medium and thus the gain spectrum can be tailored
to show a Gaussian energy distribution with only one energy level, i.e. the gain
spectrum and differential gain are symmetric around the gain peak. In this case,
the Kramers-Kronig relation will yield a zero differential refractive index change
for lasing close to the gain peak. Thus, the α-factor will be zero at lasing energy as
well. An example of the gain and α-factor for symmetric and asymmetric ensembles
is given in Fig. 2.7. [BGH+ 00]
The results show clearly that quantum dots are favourable if a low α-factor is needed
as it can be tailored to be close to zero around the gain peak. Still the process needs
to be controlled carefully and the laser design has to be considered, e.g. the grating
period that will set the wavelength.
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Figure 2.7: The graphs show the gain (top) and α-factor (bottom) for symmetric
and asymmetric QD ensembles. As can be clearly seen, the α-factor
is considerably decreased for the symmetric case. Reprinted from Thin
Solid Films, 367, Bimberg et al., Quantum Dot Lasers: Breakthrough in
Optoelectronics, 235-249, ©2000, with permission from Elsevier
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3 Design and Fabrication of
Integrated Laser Devices for
Telecommunication
This section will describe the evolution of the design of the integrated laser device
as undertaken during project Monolop in the Eureka framework SASER. A short
introduction to the used epitaxial structures and the device fabrication methods will
be given.

3.1 Epitaxial Structure and Properties
A key to laser fabrication is the laser material providing most of the fundamental
properties of the device. The used material in this thesis is grown by molecular
beam epitaxy (MBE). Due to the about factor 2 lower lattice mismatch of InAs/InP
compared to InAs/GaAs, the range of possible structures is very wide. This means
that tight process control is needed.
A key to the fabrication of round-shaped quantum dots instead of elongated quantum dashes is the use of As2 instead of As4 in solid-source molecular beam epitaxy
on (100) InP substrate [GIO+ 11]. The QD are processed by depositing 4.5 monolayers of InAs at 500◦ C with a growth rate of 0.41 ML/s. The average dot density is
5 − 6 × 1010 cm−2 . The layers are separated by 20 nm of In0.528 Al0.238 Ga0.234 As and
enclosed by a waveguide of 220 nm of In0.528 Al0.238 Ga0.234 As [SWR13]. The cladding
has a thickness of 200 nm and consists of In0.523 Al0.477 As. The buffer-layer to the
n-doped InP wafer is 200 nm thick, the p-doped InP layer is 1.7 µm thick in order
to form the ridge. It is topped by a 200 nm layer of highly p-doped In0.532 Ga0.468 As
that serves as contact layer. The dopants are Si and Be, respectively and all layers
are lattice matched to InP. [GIO+ 11]
An example of the epitaxial structure is given in Fig. 3.2, an electron micrograph
of a structure with similar waveguide design is given in Fig. 3.1.
As QD have a better height to diameter ratio than QDashes, they have a lower
transparency current density and a higher modal gain. Additionally, they have a
more symmetric gain function [GIO+ 11] that will cause a narrowing in the α-factor
[OB87].
Due to the large band gap of the InAlAs cladding layer that serves as blocking layer
for the charge carriers and causes additional carrier loss, the difference of threshold
current density and transparency carrier density is enlarged and the internal quantum efficiency is reduced. The absorption in the material and the threshold current
density can be reduced by using fewer QD layers. [GIO+ 11]
In the first evaluation, a high modal gain of more than 10 cm−1 per QD layer and
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Figure 3.1: HAADF-STEM image of the cross-section of a six quantum dot layer
sample. Reprinted from Rudno-Rudzı́nski et al. ”Control of Dynamic
Properties of InAs/InAlGaAs/InP Hybrid Quantum Well-Quantum Dot
Structures Designed as Active Parts of 1.55µm Emitting Lasers”, Physica
Status Solidi, 215 ©John Wiley and Sons 2018.
a low internal absorption of αi < 8 cm−1 were achieved. The modal gain is at least
doubled compared to QDash material.[GIO+ 11]
Evaluation of the QD structures was done by pulsed measurement of broad area
lasers of different length. At least ten devices of the same cavity length were recorded
and averaged and five to six cavity lengths were taken into account. [SWR13] The
results are given in Table 3.1.
The threshold current density for infinite cavity length was almost halved compared
to QDs or QDashes in InGaAsP. The temperature dependence of a 2QD system was
remarkably reduced compared to quantum well systems. The dependence decreases
with decreasing cavity length. It could be reduced by a factor of 7.5 for the shortest cavity length of 590 µm corresponding to a wavelength shift of ±1.5 nm over a
temperature range of 40 K. The wavelength with respect to the laser temperature
is given in Fig. 3.3. [SWR13]
This stabilization is essential for mode-jump free tuning of the wavelength. It is
attributed to the carrier filling effect caused by the saturation of the ground-state
causing increased attribution of higher order states. As the band gap shrinks with
increasing temperature the emission wavelength undergoes a severe redshift. At the
same time, the increased temperature causes a higher free carrier absorption resulting in an increased internal absorption while the threshold gain remains unchanged.
The necessary gain can only be provided by transitions closer to the first excited
electron and hole states resulting in a blue-shift that will compensate for the red-
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QD-layers
2
5
6

Jtrans
A/cm2
88
256.4
586.9

Jth∞ /
A/cm2
286.9
454.3
1098.8

Jth∞ /QDL/ ηi
αi
2
A/cm
cm−1
57.4
0.6 6.64
90.9
0.58 9.28
183.1
0.38 5.84

g0
cm−1
30.3
46.4
77.7

g0 /QDL/
cm−1
15.2
9.3
13

Table 3.1: Properties of the used epitaxial structures. The 2QD and 5QD epitaxies
have the structure shown in Fig. 3.2 while the 6QD epitaxy has a high
speed design defined by a shallower waveguide.
shift due to the band gap shrinkage. The effect is stronger in laser structures with
a broad and flat gain profile. This inhomogeneous broadening will be caused by
the Gaussian size distribution of the QD and the overlap of ground state and first
excited state lasing. [KDRF02]
It can be stated that narrow linewidth (narrow symmetric gain profile) and wavelength stabilization (broad flat gain profile) are in trade-off. The expectation is to
achieve a flatter, asymmetric gain profile with fewer QD layers and symmetric gain
profiles with high modal gain for increased QD layer number. At the same time, a
higher modal gain will cause an increased wavelength shift. Careful tailoring of the
QD and the epitaxial structure are necessary for high performance devices.
Fig. 3.2 also shows etch stop layers in the p-doped InP layer. These consist of
GaInAsP. Usually the deposition of III-III-V-V material is complicated due to the
low adhesion coefficient of group V material. The control of the composition is increased in solid-source molecular beam epitaxy with arsenic and phosphoric valve
cracker cells that enable targeted growth of etch stop layers. Ga0.255 In0.745 As0.547 P0.453
was grown by keeping the phosphorus flux constant while varying the arsenic flux
creating an As2 /(As2 + P2 ) ratio between 0.25 and 0.5. The As2 flux was adjusted
to form a lattice matched layer to InP. A thickness of 10 to 12 nm is sufficient to
provide a reliable etch stop.
All these measures are taken to provide laser materials for high performance laser
devices. After MBE growth, integrated devices are fabricated. The design of this

Figure 3.2: Epitaxial structure given by the conduction band edges of the materials
for narrow linewidth QD lasers. Reproduced from Becker et al.”Widely
tunable narrow-linewidth 1.5 µm light source based on a monolithically integrated quantum dot laser array”, Applied Physics Letters,
110(18),2017, with the permission of AIP Publishing
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Figure 3.3: Dependence of the wavelength of a 2QDL device on the temperature for
different device length. Reprinted from Sichkovskyi et al. ”High-gain
wavelength-stabilized 1.55µm InAs/InP (100) based lasers with reduced
number of quantum dot active layers, Applied Physics Letters 102, 2013,
with the permission of AIP Publishing.
device will be discussed in the following chapter.
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Figure 3.4: Overview of the three device sections. Design and purpose will be explained subsequently. Reproduced from Becker et al.”Widely tunable
narrow-linewidth 1.5 µm light source based on a monolithically integrated quantum dot laser array”, Applied Physics Letters, 110(18),2017,
with the permission of AIP Publishing.

3.2 Design of the integrated device
The integrated device consists of three sections (compare Fig. 3.4), a laser section
with four lasers with different wavelength and two integrated microheaters for wavelength tuning, a coupler section combining the four light channels and an amplifier
section for output power adjustment. The sections are designed in a way that they
can be processed at the same time. The individual sections are described in the
following.

3.2.1 Design of the laser section
In first designs, the laser section was made up of two lasers at a distance of 50 µm
coupled by a 3dB-coupler (see 3.2.2). The laser ridges are parallel to the minor flat
of the wafer, i.e. parallel to the long side of the slightly elongated QD as the gain
will be maximised this way [AMS86]. They are framed by cubes that give a support
for the p-contact during wire bonding after fabrication.
The array is equipped with two heaters situated close to the ridge facing outward of
the couple. The p-contact (top side of the laser) has contacts pads leading outwards
perpendicularly. Depending on the laser length, the p-contact has two or more
contact pads for bonding in order to provide a back-up and to give the possibility
to pump the laser more uniformly by injection current at several locations along the
ridge. More uniform injection is thought to result in less noise by decreasing the
spatial hole burning. An overview of the laser section design is given in Fig. 3.5.
The behaviour of the lasers has been simulated by a traveling wave model that will
solve a coupled system of carrier population and optical field intensity along the
longitudinal axis in the time domain. An example of the forward and backward
traveling wave in the laser and coupler section is given in Fig. 3.6. The input
parameter is the emission of the quantum dots in the active zone. A model of
the QD gain has been implemented according to Kim and Chuang[KC06]. The
spectra of the stimulated emission as well as the deduced linewidth enhancement
factor were calculated. The calculation of the linewidth is not trivial as a direct
Fourier transform of the time signal is only possible if time steps and simulation
durations are chosen that are not yet possible even with super computers. This
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Figure 3.5: Designs of the laser section with a) two and b) four lasers, respectively.
The outer contact pads belong to the heater.
is why a linearization procedure was implemented [TLO92] that will reliably yield
the linewidth. The aim of the simulations is to find specifications such as threshold
current, quantum efficiency and linewidth depending on device and epitaxial design.
According to the simulation, the laser section of the final integrated device consists
of four arrayed lasers with a ridge width of 1.75 µm, 2 µm and 2.25 µm, respectively.
Lasers of the same array have the same ridge width, but individual grating periods.
The periods are calculated to generate wavelengths spaced by 10 nm according to
the equation
2λ0
Λ=
(3.1)
nef f
with Λ being the grating period, λ0 the targeted wavelength and nef f the effective
refractive index of the epitaxy. The wavelength difference corresponds to the wavelength tuning range of the lasers (cmp 4.3.2).
The laser section is equipped with two integrated microheaters for wavelength tuning situated left and right of the laser array, respectively. The microheater has a
meandric form and is designed to have a resistance of around 50 Ω. Due to the good
thermal conductivity of the material, it is not necessary to provide an individual
heater for every laser.
The design of the basic heater cell is depicted in Fig. 3.7. By evaluating the average area of the resistor and calculating the resistance for different materials and
thicknesses, a thickness of 120 nm of gold is determined. For better adhesion, a thin
layer of titanium is deposited under the heater, as well as an SiO2 -insulation-layer
with a thickness of 70 nm. Older versions comprised a platinum heater which was
found to have a higher resistance than desired. It was reduced for the sake of a
larger applicable current range.
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Figure 3.6: Simulation of the forward and backward traveling waves in the laser
cavity and adjacent coupler section [Bje17]. ©2017 kassel university press
GmbH, reprinted with permission from M. Bjelica ”Numerical Modeling
of Narrow-linewidth Quantum Dot Lasers”

Figure 3.7: Design of the basic cell of the meandric heater. By adding multiple cells
a heater of the desired length is formed.

3.2.2 Development of the coupler design
In an early stage of the project, an evaluation of two different coupler designs, the
3 dB coupler and the multi-mode interference (MMI)-coupler, was done by simulation. A comparison of the designs is given in Fig. 3.8. The use of 3 dB-couplers
is decided on as the waveguiding of the MMI-coupler is not strong enough. The
design of the coupler arms, i.e. the curvature, etch depth and waveguide width, was
determined to ensure single mode guiding as well as minimum losses.
The initial design of the coupler is made up from two curves per arm each with a
radius of 180 µm and a short straight section with an angle of 24◦ resulting from
the defined length of the coupler section. The comparison of the light output power
from the laser and the coupler facet showed insufficient waveguiding. Rasterizing the
facet with a lensed fibre proves that the light output is out of place. An example of
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Figure 3.8: Simulation of the waveguiding in MMI couplers (top) with etch depths
of 1.6 µm (left) and 1.87 µm (right) and of a 3 dB coupler with an etch
depth of 1.84 µm (bottom)
[RBS+ 16]

Figure 3.9: Measured near-field of light output a) after passing the coupler and b)
from the laser facet, respectively , the white line marks the ridge and
thereby the intended out-coupling spot
[RBS+ 16]
the light output distribution compared to the position of the ridge from the coupler
facet is given in Fig. 3.9 a). Fig. 3.9 b) shows the light output from the laser facet.
Clearly, the waveguiding in the coupler is not working.
In order to increase the waveguiding several measures were taken. First, the coupler
was equipped with a contact in order to pump it to transparency (cmp threshold
current 2.2) and thereby reduce losses in the active material. By pumping further,
the coupler can as well serve as an amplification stage.
The cross-section of the coupler ridge was investigated by FIB cut. As can be seen
from Fig. 3.11, the ridge is strongly under-etched at a ridge angle of 24◦ . Due to the
narrow foot of the ridge, the waveguiding is inhibited. It is known from etching of
the laser ridges, that vertical or slightly under-etched side walls are possible. This
is why the under-etch for different angles was investigated in steps of 5◦ beginning
with a minimum angle of 10◦ . The minimum angle is chosen due to the increased
length of the coupler section. The different designs are depicted in Fig. 3.10. The
under-etch of the sidewalls can be decreased considerably as can be seen from Fig.
3.11.
The results in Tab. 3.2 show that the percentage of the foot compared to the tar-
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Figure 3.10: Designs of the coupler with different angle of the coupler arms

Figure 3.11: Cross-section of the coupler ridge for different angles for investigation
of the under-etch
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Angle /
24
20
15
10

◦

Top/µm
2.193
2.112
2.051
2.061

Bottom/µm
0.910
1.136
1.209
1.441

Ratio
41.5 %
53.8 %
58.9 %
69.9 %

Table 3.2: Ridge widths of the coupler for different angles
geted width can be increased by more than 28%. This is why the angle of the coupler
was reduced to 10◦ .
Finally, simulations showed that the waveguiding becomes better when the coupler
is etched deeper. As a trade-off, the waveguide will start guiding several modes.
Still, as the cavity will ideally only emit one mode, it is better perform an additional etch step increasing the depth of the trench into the cladding layer of the
epitaxy (cmp 3.3).

3.2.3 The amplifier section
In order to regulate the output power of the integrated device a semiconductor optical amplifier is added at the end of the device. It is necessary to compensate for
the absorption losses in the passive coupler section and to achieve the desired power
levels of 20 dBm. A simulation model for the SOA that can be integrated in the
traveling wave model was developed. It allows for the SOA optimization and the
design of the integrated chip. It includes new boundary conditions as well as the
effect of amplified spontaneous emission. Fig. 3.12 shows the simulated saturation
of the SOA gain with increasing input power. It can be seen that the gain rises
with the length of the SOA and will decrease quickly for input powers of more than
300 µW . The calculation is analog to the calculation of the laser. [RBS+ 16]
In a first step, stand-alone amplifiers were fabricated in pairs of two. The design was
chosen in a way that it was possible to cleave SOAs with one or two tilted facets the
tilts providing either 5◦ or 7◦ . The tilt is meant to provide anti-reflection properties.
[ZOC+ 87] The tilts will point to the same direction do facilitate measurement as the
coupling units will have to be tilted as well according to Snell’s law. The design
of the amplifiers is depicted in Fig. 3.13.
Stand-alone amplifiers with one tilted facet were cleaved and their output power
was recorded. It could be shown, that 5◦ -tilted amplifiers started lasing on pumping
proving that the anti-reflection effect is not sufficient. The 7◦ -tilted amplifiers did
not lase, the design was chosen for the amplifier section.
In the first design, the tilt had a sharp transition which is neither beneficial during
fabrication as it will not etch properly, nor is it good for the waveguiding. This is
why the design was changed to a smooth transition with a 300 µm radius.
The amplifier section of the integrated device has the same ridge width as the corresponding lasers. The side of the amplifier facing the device is straight, the side
facing outward is tilted by 7◦ . The ridge height is the same as the one of the laser
due to the fabrication process.

36

3.2 Design of the integrated device

Figure 3.12: Simulated saturation of the SOA gain with respect to the input power
and the SOA length [RBS+ 16]

Figure 3.13: The design of the SOA. The devices can be cleaved with one or two
facets or completely straight. The upper pair has a tilt with 7◦ and the
lower pair has a 5◦ tilt.
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3.2.4 Complete design
All of the design steps described in the previous sections are integrated to one laser
light source design that is depicted in Fig. 3.14 that is suited for measurements from
the SOA facet. [RBS+ 16]

3.3 Device Fabrication
The fabrication of integrated laser devices is a complex process comprising nine
photolithographic [MMP05] steps and one electron beam lithography step used to
shape the gratings. It underwent numerous adjustments that will be explained in
the following sections. An overview of the device fabrication is given in Fig. 3.15.
An overview of the dry etch recipes used during fabrication is given in the appendix
Tab. 7.1 and the used photo resists with corresponding preparation are given in
Tab. 7.2.

Etching of the ridges
The first step is shaping of the laser and SOA ridges, couplers and cubes where
applicable. In initial stages, only straight DFB ridges with couplers and without
cubes were defined by UV lithography with a SUSS MA4 mask aligner and AZ1518
positive resist. Then the InGaAs contact layer was etched with a pure sputter
etching process with Ar in an Oxford Plasmalab 100 reactive ion etch (RIE) system
with an ICP 180 extension [Völ00]. Then, the InP is etched wet chemically [Völ00]
with H3 P O4 /HCl with a ratio of 3 : 1 that will stop automatically at the InGaAsP
etch stop layer. The process is simple but as a downside the wet chemical etching
can cause under-etching of the ridges at defects of the InP material as can be seen
in Fig. 3.16.
After finishing the first processes, it became clear that the p-contacts did not last
upon bonding. It is suspected that either the underground is too soft or the adhesion to the polymer is too weak. This is why cubes of InP are provided for close to
the ridges as a base for the contacts. The cubes are fabricated alongside the ridges
in one process step, i.e. they are on the same lithographic mask.
To avoid under-etching of the ridges, a plasma etch is developed based on [WTC+ 05]
that etches InP as well as the InGaAs contact layer. It contains chlorine (Cl2 ),
methane (CH4 ), hydrogen (H2 ) and argon (Ar) with an ICP power of 550 W and an
RF power of 60 W at a pressure of 4 mT orr and a temperature of 160◦ C and yields
an etch rate of around 225 nm/min. The substrate is situated on a silicon wafer that
is thermally coupled by helium backing. An interferometric camera is used to control the etch depth. As soon as the interference pattern shows the interference with
the first etch stop layer of the epitaxy, the process is aborted. At this point the InP
thickness is around 300 nm. This longer plasma process can not be performed with
a resist mask due to the selectivity that does not provide the desired etch depth. At
the same time, residues of the resist bake out and can not be removed afterwards.
This is why a hard mask is structured by a lift-off process [Völ00]. In this process,
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Figure 3.14: Overview of the final design of the integrated laser light source with
adjusted coupler design
a thick layer of AZnlof2070 negative resist thinned 4 : 3 is spun on the substrate
and exposed to UV light through a mask. After developing the resist, parts of the
substrate are exposed while parts are shielded by the resist. Then, 300 nm of silicon
dioxide (SiO2 ) are deposited on a thin layer of titanium by electron beam physical
vapour deposition (PVD) [MMP05]. The hard mask thickness of300 nm is chosen
due to the overall selectivity (InGaAs/InP vs SiO2 ) of 10 : 1 and will last through
the desired etch depth of 200 nm InGaAs and about 1500 nm InP . The titanium
is used as adhesive layer and helps as well in removing the hard mask after etching
as it is etched very quickly by hydrofluoric acid. A scanning electron micrograph of
resist and deposited material layer is given in Fig. 3.17 to illustrate the process of
lift-off. The resist is dissolved with n-methyl-2-pyrrolidone (NMP) or dimethyl sulfoxide (DMSO) and the hard mask remains on the substrate and defines the ridges
of SOA, couplers and lasers and the cubes.
Once the hard mask is deposited, the ridges are etched in two steps. The plasma
etch step defines the form, i.e. smooth straight side walls without an under-etch.
Still, the process leaves a foot that will disturb the grating of the DFB lasers. This
is why wet chemical etching [Völ00] is used in the second step. The used etching
solution is H3 P O4 /HCl with a ratio of 3 : 1. The process will stop automatically at
the etch stop layer and leave very vertical side walls with a slight under-etch and an
accurately shaped foot. The comparison of the cross-sections is given in Fig. 3.18.
As explained in 3.2.2, an etch window is included after revision of the coupler section. To fabricate this window a SiO2 mask is used with the same plasma etching
recipe that is used with the ridges. The etch depth is 340 nm meaning that the
coupler window reaches into the cladding layer.
Now, the hard mask, that remained to protect the contact layer of the epitaxy, is
removed by wet chemical etching with 2.5% hydrofluoric acid (HF). The thin titanium layer is etched faster than SiO2 and helps in lifting the hard mask.

Definition of lateral weakly coupled gratings
The gratings are defined by electron beam lithography with a Raith E-Line due
to the better resolution compared to UV lithography. A thin PMMA resist layer is
used in the writing process to maintain the high resolution by avoiding forward scattering and proximity effects [MMP05]. Gratings are written with different periods
with a difference of around 2 nm resulting in a difference in wavelength of around
10 nm and a duty cycle of 60%. In earlier processes using a static specimen stage,
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Figure 3.15: Overview of the fabrication process
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Figure 3.16: under-etched ridge at a defect of the InP for pure wet etching process

Figure 3.17: Material layer on developed photo resist for lift-off

Figure 3.18: Cross-section before a) and after b) wet chemical etching. The shape
of the ridge and foot are clearly improved by the second etch step. The
steps on the sides of the ridge in b) indicate the lateral grating of the
DFB laser.
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Figure 3.19: Scanning electron micrograph of the grating after etching.
the pattern is broken down into write fields with a field size of 100 µm resulting in
the need for stitching of the single fields. The field size is limited by the possible
deflection of the electron beam as the deflection will increase the beam size. The
stitching process will often result in errors, i.e. overlap of or spaces between the
fields that act as random phase shifts in the grating period. These phase shifts can
cause single mode behaviour in AR-AR coated lasers. Still, they are not controllable
and a parameter of uncertainty. This is why the writing process was changed to a
method with moving beam and moving specimen stage that will not cause stitching
errors. Due to the missing random phase shifts, three λ/12 phase shifts are introduced in the design that change the phase in a well-defined way. After development,
the grating is etched. In early processes, the etch stop layer was removed by sputter
etching with 50 sccmAr with ICP power of 1000 W and RF power of 200 W at 10◦ C
and the InP was etched wet chemically with H3 P O4 /HCl with a ratio of 3 : 1.
This etching process is very sensitive to etch times. It easily overetches to the sides
due to its isotropic properties and additionally bears the risk of under-etching the
ridges. It will also affect the coupler windows that were only added to the process
later.
Due to these drawbacks, a new process is developed that will not harm the ridges
and stops at the etch stop layer. The Ar sputter is shortened and followed by a
pure reactive ion etching (RIE) process [MMP05] with 6 sccm CH4 and 36 sccm H2
and an RF power of 150 W .
Finally, the resist is removed by RIE with 100 sccm O2 and 26 sccm CHF3 at an RF
power of 175 W with a He backing and a subsequent plasma asher step with O2 and
250 W . A scanning electron micrograph is depicted in Fig. 3.19.

Deposition of the integrated microheaters
After removal of the resist of the grating etch, an SiO2 insulation is deposited with a
Balzers BAK 600 to separate the integrated microheaters from the InP and struc-
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Figure 3.20: Scanning electron micrograph of SiO2 insulation layer with deposited
heater lifted from the substrate due to high tension of the 100 nm SiO2
layer (left) and heater edges lifted from the insulation due to the strain
in a 340 nm T i layer (right)
tured into stripes by lift-off. The initial thickness was 50 nm with a T i adhesion
layer of 10 nm. Measurements showed a tendency to flash-overs from the heater to
the substrate. The corresponding equation can be taken from the equations of plate
capacitors.
qd
(3.2)
ε0 εr A
with Uf being the flash-over voltage, q the charge, ε0 is the electric constant, εr the
relative static permittivity, d the distance of the plates, i.e. the SiO2 thickness, and
A the area of the heater. This equation shows that increasing the thickness of the
insulator layer will avoid flash-over. The calculated thickness for a save operation
is 100 nm. But tests show that the strain at this layer thickness is too high as can
be seen from the left scanning electron micrograph in Fig. 3.20. This is why the
thickness is chosen to be 70 nm on 10 nm of T i as it can be processed reliably and
will increase the applicable voltage.
The integrated microheaters are deposited in two steps. First, the meander resistor
is structured by lift-off. Initially the heater consisted of 430 nm of platinum with
a 10 nm T i layer for better adhesion. Measurements yielded a resistance of around
82 Ω at a nominal heater length of 1100 µm. The current range applicable by means
of the Thorlabs LDC8020 (limitation to 7 V ) was not satisfying. This is why the
resistivity was to be reduced to around 50 Ω. The resistivity is dependent on the
length of the heater that depends on the length of the laser. All heaters have the
same thickness due to the fabrication process. Tests were run after calculation of
the expected resistance with certain thicknesses of N i, P t, Cr and Au. The required
heater thicknesses are given in Tab. 3.3.
Gold is chosen as a possible substitute for platinum. The two materials are tested
against each other. The thicknesses are 150 nm for gold and 420 nm for platinum,
respectively. The calculated value of 700 nm of P t was reduced to as even the
initially used 430 nm does not reliably stick to the substrate as can be seen from the
scanning electron micrograph on the right side of Fig. 3.20. Both materials yielded
Uf =
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Material
Platinum Chromium
Required thickness / nm
700
175

Nickel
460

Gold
150

Table 3.3: Required heater thickness to achieve 40 Ω at a resistor length of 800 µm
Material
Deposited thickness / nm
Adhesion
Thickness range
Range of resistance / Ω

Platinum
420
good
thickness close
to upper limit
58 − 120

Gold
150
good
wide range
possible
38 − 73

Table 3.4: Comparison of the properties of gold and platinum as heater material
reasonable adhesion at the chosen thickness. The comparison of the two materials
is given in Tab. 3.4.
From Tab. 3.4, it becomes obvious that the desired average resistivity of 50 Ω can
not be achieved by using P t as the thickness can not be increased. This is why gold
was chosen to be the new heater material.
The final design consists of 10 nm of T i and 120 nm of Au. The decreased thickness
was chosen to slightly increase the resistivity and save gold material.
In a second lift-off process, the contact pads of the micro heaters are formed. They
have a gold thickness of 600 nm deposited on a titanium layer with a thickness of
10 nm. Optical and scanning electron micrographs of the final heater are given in
Fig. 3.21.

Planarization and deposition of contacts
The chip is leveled by spin coating it with cyclotene that will polymerize upon curing
and form benzocyclobutene (BCB), a common insulator material in microelectronics. It provides a scaffold for the p-contact and insulates it from the substrate. The
cyclotene is deposited in nine thin layers that are each pre-baked at 90◦ C to calcinate the solvents. Subsequently, the cyclotene is cured in an oven consisting of a
hotplate, a belljar to form a nitrogen atmosphere and an Eurotherm temperature
controller. The temperature is ramped from room temperature to 250◦ C in 150 min,
kept constant for one hour and then ramped back to room temperature in 150 min.
As the BCB will also cover the ridges and cubes, it needs to be etched back with a
Plasmalab RIE etching machine. The process is a RIE process with 24 sccm O2 and
10 sccm CHF3 at room temperature and a pressure of 150 mT orr. The RF power
is 180 W . The BCB is etched in short runs and controlled by an optical microscope
after every run. The ridges will appear to be rainbow coloured when the BCB is
thin. The very thin layers appear to be gray and clean ridges will look white. The
BCB does not etch evenly over the ridge length. Between the cubes, it etches more
slowly and the cubes themselves will be covered after the ridge is already uncovered. As soon as the ridges are clean, the step height between ridge and BCB is
measured. It needs to be < 400 nm as the p-contact will be interrupted otherwise.
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Figure 3.21: Scanning electron micrograph and a top view optical micrograph (inset)
of the heater.
Additionally to the optical microscopy, the ridges are investigated by scanning electron microscopy as residual BCB that can not be seen in optical microscopy can
drastically increase the resistance of the laser diode and reduce performance and
possible gaps between the BCB and ridge that will cause shortcuts between the
p-contact and the substrate can be spotted. If the BCB passes optical examination,
a lithography is performed with AZnlof 20705 : 1 that will cover everything but the
cubes and the left-over BCB on the cubes is etched with the same receipe as before.
Then, the resist is dissolved with NMP or DMSO and a new mask with slightly
larger windows is deposited over the cubes. An insulation layer of 350 nm SiO2 is
deposited on 10 nm T i and structured by lift-off.
After deposition of the insulation layer, the p-contact is structured by lift-off with
20 nm of titanium, 80 nm of platinum and 600 nm of gold. In the fully integrated
device, it has to be deposited in two steps. A bridge is formed from the inner lasers
to the outside of the laser array. The contacts are insulated from each other by
350 nm of SiO2 .
Then, the InP substrate is thinned by mechanical polishing with alumininum oxide
(Al2 O3 ) with a grain size of around 3 µm. The targeted final thickness of the laser
chip is 110 µm. This is done to reduce the resistance of the laser diode.
The last step is the holohedral deposition of the n-contact. It consists of nickel,
germanium, gold and nickel each with 5 nm and is finished with 200 nm of gold.
The n-contact has to be alloyed by rapid thermal annealing (RTA). Prior to that,
the BCB is baked out with a ramped program at 300◦ C. In the last step, the chip
is alloyed at 350◦ C. An optical micrograph of the whole laser chip is given in Fig.
3.22.
After processing, the lasers are singularized and glued to a copper submount with
conductive epoxy glue for easy handling and better heat dissipation. The contact
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Figure 3.22: Topview micrograph of the integrated device
pads are wire bonded to a ceramic pad with gold wire [Völ00]. The laser is now
ready for characterization.
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4 Output Power, Spectral Behaviour,
Amplification and Wavelength
Tunability of Arrayed Lasers
This chapter describes the basic characterization of the laser light source, as well
as the wavelength tunability of arrayed laser devices and the amplification from the
semiconductor optical amplifier.

4.1 Measurement of Output Power and Spectral
Behaviour
The term basic properties is used to summarize the properties of the laser defining
its suitability for linewidth and tunability measurements, i.e. the wavelength λ, side
mode suppression ratio (SMSR), i.e. the difference between the highest and the
second highest peak in dB, the threshold current Ith , i.e. the minimum current that
is required for the diode to lase and maximum light output power Pmax of the laser.
Along with it, the cut-off voltage and the resistance of the device are determined.
The values are a measure of the electrical quality of the laser and the quality of
the grating and QD material. Elevated cut-off voltage hints to problems of the pcontact, e.g. gaps in the gold layer. An elevated resistance hints to problems in the
vertical structure of the device, e.g. insufficient thinning, residual BCB or malfunctioning metal contacts. Poor SMSR can be addressed to poor grating quality.
During measurement, the laser is situated on a gold plated table providing the
ground closure of the system. It is equipped with a Peltier element and a P t100
platinum measuring shunt for temperature stabilization of the measurement (TECthermo electric cooler). The lower part of the Peltier element is water cooled in
order to lead away the heat from the laser or preheat the table to ease external
heating of the laser. With these means, temperatures ranging from 10◦ C to 80◦ C
are realized.
The laser is electrically pumped with a Thorlabs LDC 8020 current source with a
maximum driving current of 500 mA. The current is injected with a CuBe needle
either in direct contact to the p-contact of the laser or after mounting to the bond
ceramics. Three current channels are available for simultaneous pumping of e.g.
laser, coupler and SOA of an integrated device. The n-contacts and ground of these
lasers are not separated.
The wavelength and SMSR are measured by using a Yokogawa AQ6370D optical
spectrum analyzer (OSA) with a wavelength range from 600 nm to 1700 nm and a
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Figure 4.1: A typical spectrum of a DFB laser. The inset shows the SMSR with
respect to the injection current.
wavelength accuracy of ±0.01 nm. The wavelength resolution is 0.02 nm and the
intensity level is −90 to +20 dBm [Yok]. The laser light is directly coupled into
a Thorlabs multi-mode optical fibre with a core diameter of 50 µm and a FC/PC
connector that is held on a 3-axes translation stage.
The signal from the OSA is recorded by a LabView routine with the ability to define
the pumping current and temperature and assign multiple measurements. Wavelength and SMSR are recorded for multiple injection currents in order to evaluate
the single mode behaviour of the laser. A typical spectrum of the laser can be seen
in Fig. 4.1. The peak stems from the laser while the surrounding noise stems from
ambient radiation. The inset of the figure depicts the SMSR with respect to the
injection current. If the SMSR value is greater than 30 dB, the laser is said to be
single mode, typical values are more than 40 dB. Ideally, the laser has a single mode
over the whole range of operation.
The output power of the laser is measured with an integration sphere that collects
all the light coming from the facet and reflects it onto an InGaAs photodiode. It
collects the power of the whole light in the wavelength range from 800 to 1700 nm.
This means, it also measures the underground and power from side modes, not only
the power content of the main mode.
The voltage resulting from the ohmic resistance of the laser can be measured by a
data acquisition tool (DAQ) by National Instruments over a measuring shunt. A
LabView routine records the output power and voltage with respect to the injection
current (LIV). A typical diagram is given in Fig. 4.2. The LIV characteristic can
be used to determine a lot of basic values of a laser diode. By fitting the linear
slope of the PI curve and extracting its intersection with the x-axis, the threshold
current Ith is determined. It defines the transition from spontaneous emission to
stimulated emission, i.e. lasing, and depends on the length of the laser, its resis-
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Figure 4.2: The output power and voltage of a stand-alone DFB laser
tance and the facet reflectivity and feedback from the grating among others. The
slope of the PI curve itself is the laser gain g that is a characteristic of the active
material. Linear fitting of the VI curve in the same current range yields the cut-off
voltage that is a characteristic of diodes. It is the lowest voltage causing a current
flow in the diode. The resistance of the laser structure can be calculated from the
slope of the VI curve. It depends on the thickness and length of the laser and the
structure itself, e.g. failures in the contacts. These values are used to decide if the
laser is electrically fine. Abnormal values hint to bad electrical conductivities, short
circuits and failures of the laser material.
Fig. 4.3 shows the PI curves of four arrayed lasers. It can be seen that the inner
lasers and outer lasers, respectively, have similar PI curves. This hints to back reflections from the coupler section that will be the same for inner and outer lasers
due to the symmetry of the arrays and thereby the coupler section. The back reflections depending on the output power will influence photon and carrier density
in the cavity and cause instabilities that will change the light output. This is a hint
to increased noise levels in lasers with integrated coupler section. The inset of Fig.
4.3 shows the corresponding VI curves. It can clearly be seen that the resistivity of
the inner lasers is higher than that of the outer lasers. This can be attributed to the
bridge of the contact (cmp Fig. 3.22) that represents an additional resistance. The
VI-curves of inner and outer lasers, respectively are the same. Yet, large differences
can be seen between the lasers at the same position. There can be a lot of different
reasons like inhomogeneous active material or defects on the facet or grating in one
of the lasers. It was not possible to determine a specific reason for the difference.
Lasers with good single mode stability and output power that do not show signs of
abnormal behaviour are then mounted to a copper heat sink and bonded to bond
ceramics to prepare them for further measurements.
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Figure 4.3: Output power of arrayed lasers, the inset shows the correspondent VI
curve

4.2 Characteristics of the Integrated Semiconductor
Optical Amplifier
The laser device is equipped with an SOA that is meant to compensate for losses in
the coupler section and adjust the output power to a constant value over the whole
range of wavelength tuning.
There are different ways to measure the amplification. One possibility is measuring the output power with an integration sphere. An example of this method on
an early device is given in Fig. 4.4. The laser and amplifier are pumped by a cw
current source and the output power from the SOA facet is measured by an untilted
integration sphere, i.e. the laser light is not perpendicular to the input opening
of the integration sphere as the setup does not allow for tilting of the integration
sphere. Yet, the opening of the integration sphere is so large that the difference can
be assumed negligible.
The red squares in Fig. 4.4 show the output power of the SOA itself, the blue diamonds show the laser power that is emitted from the SOA facet, i.e. the amount
of light not absorbed in the SOA cavity. The output power is plotted with respect
to the injected current. The green triangles mark the output power of the amplified
laser light with respect to the injection current of the SOA. The laser current is
kept constant at 150 mA. It can clearly be seen that the amplified light is much
stronger than the sum of laser light and SOA output power with a maximum power
of almost 3.5 mW at 300 mA while laser and SOA alone are in the power regime of
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spontaneous emission.

Figure 4.4: Output power from the SOA facet for pumped SOA (red squares)
pumped laser (blue diamonds) and pumped laser and SOA (green
triangles)
The other possibility is to record spectra by an OSA and compare the peak intensity.
This way is much more meaningful as it will only include the power contained in the
single mode that we are interested in while using the integration sphere will yield the
total power and considers possible side modes as well as the emission underground
from the SOA itself.
The light output is collected by a tilted lensed fibre. According to Snell’s law
(n1 sin δ1 = n2 sin δ2 ) the fibre is adjusted to 23.4◦ with respect to the normal. A
single mode fibre is used to feed the light to the SOA. Spectra are recorded at fixed
laser and coupler currents for different SOA currents. The peak intensity at unpumped SOA is then subtracted from the intensities with pumped SOA. The best
recorded amplification is depicted in Fig. 4.5. A maximum of 31 dB was measured,
i.e. three orders of magnitude. Typical values are in the range of 20−25 dB converting to two orders of magnitude and more. The inset of Fig. 4.5 shows the underlying
spectra for the calculation.
Finally, the influence of the coupler current is assessed. The contacts of the coupler
are actually meant to pump the coupler section to transparency, i.e. a current of
around 50 − 60 mA, in order to compensate for the losses due to absorption in the
QD layers. Anyways, it is also possible to pump the coupler at higher currents. A
comparison of the amplification with respect to the laser current at different SOA
currents for 60 mA and 350 mA applied to the coupler is given in Fig. 4.6. The
measurement is conducted with an untilted integration sphere.
As can be seen, there is a clear increase of the maximum output power with increased coupler current. Not only the maximum output power is increased from
3.8 mW to about 13 mW , also the slope is much steeper. This hints to losses or a
kind of backcoupling into the coupler if it is not pumped strong enough.
The coupler is shown to have the potential for a more than threefold amplification.
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Figure 4.5: Example of SOA amplification calculated from spectra. The inset shows
a selection of the underlying spectra.

Figure 4.6: Comparison of the amplification at different coupler currents
The more uniform output power with respect to the laser current is favourable for
tuning applications as the effort for adjusting the intensity while tuning the wavelength is decreased.
As a conclusion, the integrated SOA was shown to work and have an average amplification of 20 − 25 dB with a maximum measured value of 31 dB corresponding
to three orders of magnitude. The coupler can be used to increase the amplification
by a factor of three and improve the profile of the output power. Yet, the amplifier
only has the power to compensate for the losses in the coupler section, even if the
coupler current is pumped at high currents.
The problem of the rather low light intensity after amplification is supposedly not
caused by the SOA itself but by the coupler. The design has inherent losses of 3 dB
per coupling stage and losses due to outcoupling in the bent part and by losses due
to absorption in the QD, respectively, are assumed. The possibilities to tackle this
problem are redesign of the bent coupler parts and redesign of the epitaxy by selective growth, i.e. a QD free coupler section. Selective growth in the InP material
system by means of a silicon dioxide mask has been proposed by Bowers et al
[BPM+ 11].
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Figure 4.7: Spectra measured in pulsed mode at different temperatures of the heat
sink

4.3 Thermal Tuning of the Laser Wavelength
The wavelength of the laser is tuned thermally. The underlying mechanism is the
change of the refractive index with the temperature of the substrate. The temperature sensibility and possible tuning range of the laser light sources are evaluated in
the following sections.

4.3.1 Temperature Sensibility of the Wavelength
A 6QD high speed epitaxy stand-alone DFB laser was used to investigate the thermal sensitivity of the QD material. This investigation is meant to characterize the
general tuning capability of the material.
First, a calibration measurement is done by taking pulsed spectra (Fig. 4.7) of
the laser at different temperatures of the heat sink. In pulsed measurement, the
self-heating of the laser is low enough to be neglected. Therefore, the wavelength
measurement can serve as a measure of wavelength shift with temperature. The
values are depicted in Fig. 4.8. By fitting this line, a temperature sensitivity of
is determined.
0.119 nm
K
In the next step, the wavelength of the laser is measured in cw-mode for different temperatures and currents. By arranging the data according to the injected current and the heat sink temperature, the real substrate temperature can
be calculated. The data is given in Fig. 4.8 as well. The real temperature
of the substratecan be calculated from the measured wavelength by the equation
Tsubs = λ − 1561, 46 nm/0, 11897 nm
. An excerpt of the wavelength, heat sink temK
perature, real temperature and temperature difference are given in Tab. 4.1. The
data shows that the temperature difference between substrate and heat sink rises
with increasing heat sink temperature and increasing current as can be seen from
Fig. 4.9. This can be explained by decreased heat conductivity with higher heat
sink temperatures and a higher amount of self-heating with increased cw-current.
The total tuning range of the laser by a heat sink temperature difference of 30 K
and a current difference of 110 mA is 5.7 nm. A graph is given in the inset of Fig.
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4.8, it shows that the tuning range is continuous and mode-jump free.
Of course, these values will depend on the used laser epitaxy as the temperature
sensitivity varies with varying design of the active region as well as on the device
design as the internal heating depends on the resistance of the laser device.
Wavelength/ cw-current/
Heat sink
nm
mA
temperature/ ◦ C
1564.4
78
20
1565.8
78
30
1567.2
78
40
NA
78
50
1564.7
108
20
156.1
106
30
1567.4
106
40
1569
105
50
1565.1
138
20
1566.5
138
30
1567.9
138
40
1569.4
136
50
1565.8
188
20
1567.2
188
30
1568.7
188
40
1570.1
188
50

Substrate
temperature/ ◦ C
24.5
36
48
NA
27.3
39
50.8
62.7
30.5
42.2
54
66.3
36.3
48.1
60.2
72.4

Temperature
difference/ K
4.6
6
8
NA
7.3
9
10.8
12.7
10.5
12.2
14
16.3
16.3
18.1
20.2
22.4

Table 4.1: Investigation of real substrate temperature by evaluation of the wavelength for a given heat sink temperature and cw-current

4.3.2 Measurement of the Wavelength Tunability
The wavelength tunability is measured in the same mode as single spectra of the
laser. One channel of the Thorlabs current source is prepared in a way that both
contacts are connected to needles. In this way, the integrated microheaters can be
contacted as they are not connected to the common ground. In the following, the
heater current, injection current of the laser and partly the heat sink temperature
are used to adjust the wavelength of the laser.
The first tunability measurements were conducted on lasers with 2 QD layers equipped
with only a coupler. The measurements were recorded from the as cleaved laser
facet. The heat sink temperature and injection current were kept constant to gain
first knowledge of the tuning behaviour of the lasers. Tuning spectra with corresponding heater currents are shown in Fig. 4.10.
As can be seen, the wavelength does not increase linearly with the current applied to
the heater. Lower currents will have less impact on the wavelength. Supposedly, the
amount of heat generated by lower currents is dissipated more easily while higher
heat quantities will not be compensated for due to the constant cooling rate and
directly account for the wavelength change.
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A total tuning range of a single laser of 5 nm will require ten lasers to safely cover
the desired wavelength range of 45 nm.
In the next step, a 5QD epitaxy was used, as the wavelength stabilization of the 2QD
epitaxy also inhibits tuning. Additionally, the injection current and heater current
were used to tune the wavelength to compensate for the earlier thermal rollover in
heated devices. First results are given in Fig. 4.11.
Maximum single mode tuning ranges of 7 nm have been achieved. This is enough to
cover the C + −band with as few as seven lasers. Still, an increase by more stable
single mode laser emission is possible. With the introduction of a new writing mode
of the diffraction grating and thereby better precision, a more stable single mode
emission seemed possible.
In the next run, the wavelength has been tuned by laser current, heater current and
heat sink temperature. The parameters were adjusted manually to meet the desired
wavelength. Tuning ranges of more than 10 nm per laser were achieved. Finally
a total tuning range of 46, 2 nm covering the whole C+-band could be shown, as
can be seen from Fig. 4.12. The lasers show single mode behaviour over the whole
tuning range. The tuning ranges of the single lasers overlap slightly, so there are no
gaps in the quasi-continuous wavelength range.
Still it is obvious from Fig. 4.12 that the intensity level is very different for the
different wavelengths. But a more homogeneous intensity is favourable for application as local oscillator. This is what the SOA is to be used for. After adjusting the
wavelength, the output power is adjusted by injecting current to the SOA. It has to
be taken into account that the internal heating of the chip caused by pumping the
SOA will still slightly alter the wavelength. Intensity adjusted spectra for a small
wavelength range are given in Fig. 4.13. The output power can be adjusted to a
very narrow intensity range while maintaining equidistant spectra.
The results clearly show that quasi-continuous coverage of the C + −band is possible
while adjusting the output power for different wavelengths by a SOA. This is a good
basis for the use of the integrated device as LO in coherent communication.
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Figure 4.8: Wavelength of the QD laser with respect to the heat sink temperature for
pulsed measurement and different currents in cw measurement, the inset
shows the wavelength with respect to the real substrate temperature.

Figure 4.9: Real substrate temperature with respect to the injection current for different heat sink temperatures
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Figure 4.10: Tuning range of a 2QD laser with constant heat sink temperature and
injection current. The whole tuning range of the laser is 5 nm.

Figure 4.11: Tuning of a 5QD laser with adjustment of injection and heater current
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Figure 4.12: Tuning from integrated light source over 46, 2 nm covering the C +
−band. Reproduced from Becker et al.”Widely tunable narrowlinewidth 1.5 µm light source based on a monolithically integrated quantum dot laser array”, Applied Physics Letters, 110(18),2017, with the
permission of AIP Publishing

Figure 4.13: Wavelength tuning with adjusted output power realized by pumping of
the SOA
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This chapter deals with linewidth measurement of quantum dot devices. First, the
measurement method and the improvements made on the setup at the INA will
be explained. In the following, linewidth measurements of lasers with different device structure (stand-alone DFB, DFB with integrated coupler section and fully
integrated laser light source with SOA amplification) and different epitaxial layers
(2QD and 5QD with same waveguide structure and 6QD with a high speed waveguide structure) will be compared and put up against simulation where applicable.

5.1 Delayed Self-Heterodyne Linewidth Measurement
The delayed self-heterodyne linewidth measurement was introduced by Okoshi et
al. in 1980 [OKN80]. It utilizes measurement of the beat note of the signal with
a delayed portion of itself, thereby taking it to a frequency range where it can be
measured electrically in order to yield a better resolution. An overview of the setup
is given in Fig. 5.1.
The laser light is collected by a lens system and led to an optical single mode fibre
with an FC/APC connector. The front lens is AR-coated in order to reduce back
reflection. Additionally, the first stage of the setup is a dual stage optical isolator
reducing backreflection from the setup by 60 dB. Next, the light is split by a 50 : 50
beam splitter. This splitting is lossy as the beam splitter has two input arms and
the unused arm will receive light as well. The arm not used for the measurement is

Figure 5.1: Overview of the setup for delayed self-heterodyne linewidth measurement
based on the paper of Okoshi et al. [OKN80]
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terminated by a 20 dB attenuator to reduce oscillations from the fibre connector.
The two output arms receive the same amount of light power. One of the light
portions is shifted in frequency by an Intra Action accusto-optic modulator (AOM).
The frequency shift in the used setup is 80 M Hz, the frequency is chosen in a way
that it will be far away from electrical noise sources in order to achieve better dynamics of the measurement and an undistorted measurement. The other part of the
light is brought out of coherence by a delay fibre with a length of 5 − 25 km. The
length of the delay line will directly influence the linewidth resolution of the setup
via the delay time τD .
τD =

Lf ibre
cf ibre

(5.1)

The speed of light in the fibre cf ibre is determined by the ratio of the speed of light
in vacuum c and the refractive index n of the fibre that is given as 1.4511 by the
manufacturer. The frequency resolution can thus be calculated by
fres =

1
τD

(5.2)

The longer the delay line the higher the resolution. On the other hand the measured
linewidth is dependent on the drift of the wavelength with time. This rather slow
oscillation has less influence for shorter delay lines as the wavelength mismatch of
the delayed and original signal is smaller. So one should be aware of the targeted
linewidth in order not to use longer delay line length than necessary. The delay
times and resolution frequencies with respect to the length of the delay fibre are
given in Tab. 5.1. However one should note that the measurement is only trustworthy for linewidths above 100 kHz and lower measured linewidth should be analyzed
with great care and regarded suspiciously.
Delay line
Delay time
Resolution

5 km
24 µs
41 kHz

20 km
97 µs
10 kHz

25 km
121 µs
8 kHz

Table 5.1: Delay times and resolution frequencies according to the delay line length
As can be seen from Tab. 5.1, a 20 km delay fibre will yield a good resolution and
showed responsibly low sensibility to wavelength fluctuations during use which is
why unless noted otherwise, a delay line of 20 km length is used in the following
measurements.
After delay fibre and frequency shift, respectively, the two branches are superimposed by another 50 : 50 beam splitter adding another 3 dB loss to the setup. Again,
the unused output arm of the beam splitter is terminated with a 20 dB attenuator.
A power monitor is added in the setup to help with coupling of the laser to the fibre
and verify that the coupling is maintained during the measurement.
The beat note of the two branches has a centre frequency of 80 M Hz and is recorded
by converting it to a current with an InAlAs photo diode (DET010 ) and an Agilent
electrical spectrum analyzer (ESA). The recorded measurement signal is averaged

60

5.1 Delayed Self-Heterodyne Linewidth Measurement

Figure 5.2: Comparison of Gaussian and Lorentzian for two different current
sources, ILX Lightwave LDX-3620 and Thorlabs Pro 8000 LDC 8005
that are battery and mains supply driven, respectively [Bau15]
over 100 spectra in order to filter statistical noise and make evaluation of the measured signal easier. Still one should be aware that especially noise from vibrations in
the fibre will broaden the spectrum during averaging and thereby falsify the signal.
The measured signal, i.e. the technical linewidth, is a Voigt-profile which is a
convolution of a Gaussian and a Lorentzian lineshape. The Gaussian represents
the part of the technical linewidth caused by external noise, e.g. current noise or
mechanical vibration. The Lorentzian represents the intrinsic linewidth of the
laser. The intrinsic linewidth is extracted by a MATLAB-routine by fitting the
convolution of estimated Lorentzian and Gaussian lineshapes to the measured
Voigt profile.
In order to get a more reliable estimate of the Lorentzian, the noise is reduced as
far as possible. The whole setup is situated on an air-floated table in order to reduce
vibration. All fibres are fixed on the table with sticky tape to reduce noise by movement of the fibres. The laser temperature is controlled by a Peltier-cooler with
a Pt-100 thermocouple providing temperature feedback to the controller (Thorlabs
TED 8040 Pt 100 ). To reduce current noise an ILX-lightwave LDX 3620B battery
source is used for pumping of the lasers. Previous stages of the setup employed a
Thorlabs LDC 8005 low noise current source based on the mains supply. It could
be shown that the Gaussian will clearly reduce by employment of a battery source
[Bau15]. An example can be seen in Fig. 5.2. It is obvious that the Gaussian
is decreased while the Lorentzian is only slightly altered. The slight change is
possibly caused by clearer influence of the Lorentzian on the Voigt profile.
Additionally, shielded cable is used to connect the lasers to the current source due to
the sensitivity of the setup to frequencies from surrounding machines, e.g. plasma
etching or microwave chemical vapour deposition. Further information can be found
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in [Bau15].
The measurements need to be assessed carefully in order not to measure disturbances
along with the linewidth and thereby gain wrong values. Most external disturbances
can be identified by additional peaks that can easily be identified from the graph
displayed on the ESA during measurement. Yet, the identification of the origin can
be much more time consuming. Some specific disturbances were not identified up to
present and need to be equalized during fitting. They can be reduced by measuring
when other labs are less busy.

5.2 Linewidth measurement of stand-alone
distributed feedback lasers
The measurement of the linewidth of stand-alone DFB lasers is meant to serve as
a characterization of the linewidth characteristics dependent only on the epitaxy,
i.e. the structure of the QD layers, but not on the laser design and adjacent structures, i.e. the losses of the unpumped highly absorbing coupler section. To our best
knowledge, these measurements present the first systematic investigation of the laser
linewidth dependent on the number of QD layers.
The expectation is to observe a reduction of the linewidth with increasing number
of QD layers as the QD density is increased and the gain function is expected to be
more symmetric thus reducing the α-factor [BGH+ 00].

5.2.1 Comparison of the intrinsic linewidth of 2QD and 5QD
lasers
Two lasers with different number of quantum dots but similar device design have
been investigated for their basic properties and linewidth. The first laser has two
QD layers in the active region and a laser length of 1200 µm while the second laser
has five QD layers and a device length of 839 µm and an HR-coating on the rear
facet. Both lasers have similar ridge width and a material gain of about 10 cm−1
per QD layer meaning the 5QD material will yield a 2.5 times higher material gain
due to the higher number of QD layers. Additionally, the HR coating will increase
the output power considerably as the light else lost on the rear facet is led to the
output facet as well.
The 5 QD layer material is expected to have a lower linewidth because of a more
symmetric gain function and thereby a lower α-factor [BGH+ 00]. Also, the 2QD
material will saturate earlier thereby adding emission from higher order states that
are thought to increase the α-factor. Additionally, the HR-coating of the 5QD laser
should reduce the linewidth by increasing the carrier density in the cavity. On the
other hand, the longer laser length of the 2QD laser is expected to have a higher κL
reducing the linewidth.
The 2QD laser shows a threshold current of around 60 mA and a stable SMSR of
more than 40 dB as can be seen from the inset in Fig. 5.3. The linewidth decreases
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Figure 5.3: Linewidth of a 2QD stand-alone DFB laser. The inset shows the PI
and SMSR of the same laser. Reprinted with permission from Annette
Becker et al. ”Narrow-linewidth 1.5-um quantum dot distributed feedback lasers” In Novel In-Plane Semiconductor Lasers XV (Vol. 9767, p.
97670Q). International Society for Optics and Photonics ©SPIE 2016
in the typical way and far from the laser threshold it is as low as 110 kHz as can be
seen from Fig. 5.3.
Fig. 5.4 shows the intrinsic linewidth of a stand-alone 5QD DFB laser. The inset
shows the PI and SMSR of the same laser. The laser has a threshold current of
about 45 mA and a SMSR of above 40 dB between 40 and 110 mA. Still, the intrinsic linewidth only shows a slight increase around 110 mA and then reduces to
340 kHz. Probably, these values are an interaction of the linewidth of the two competing modes and are probably affected by mode partition noise [Pet88]. However,
the measurement setup for spectra and LIV measurement uses a current source powered by the mains supply while the laser diode driver of the linewidth measurement
setup is battery powered. This low noise power source might have stabilized the
spectrum of the laser to show a better single mode behaviour and thereby lower
linewidth.
Against the expectations, the linewidth of the 5QD laser is three times as wide as
the linewidth of the 2QD laser. Other 5QD stand-alone DFB lasers showed similar values. This might hint to problems in the fabrication process, e.g. contact
problems. A comparison of the 2QD laser with simulations fits very well while the
prediction for the 5QD laser of 55 kHz is not fulfilled. Other lasers of the 5QD
epitaxy with couplers added to the rear facet fit well with theory, making a fault of
the active material unlikely.
The number of different measurements is very small so that no reliable series of measurement can be given. Further measurements with a larger number of stand-alone
DFB lasers at different lengths and facet coating might be helpful to gather a better
understanding of the linewidth behaviour of stand-alone DFB lasers with increasing
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Figure 5.4: Linewidth of a 5QD stand-alone DFB laser, the rear facet is HR coated.
The inset shows the PI and SMSR of the same laser.
number of QD layers.

5.2.2 Comparison of the intrinsic linewidth before and after
HR-coating the rear facet
The reflectivity of the laser facet is expected to influence the phase of the laser
light at the facet and the photon density in the cavity. Higher reflectivities should
yield narrower linewidth [Pet88] by increasing the photon density and reducing the
spontaneous emission. On the other hand, the higher reflectivity and thereby higher
influence of the phase change can cause the laser to lose its single mode emission.
In this section, the linewidth of a laser before and after HR coating of the facet
is compared. The rear facet is coated with a dual layer of Si/SiO2 increasing the
reflectivity to > 99% for a very large range of wavelengths. Fig. 5.5 shows the comparison of the PI and SMSR with and without HR coating of the rear facet of the
laser. As expected, the output power about doubles from about 8.1 mW to 18 mW
as the light lost at the rear facet is reflected to the front facet. A measurement
error due to the indolence of the integration sphere makes the evaluation difficult,
yet the extrapolated threshold currents are about the same despite the expected
reduction after HR coating as less light is lost and the threshold condition should
be met earlier. The SMSR is considerably above 35 dB over the whole range of
operation before HR coating. After coating, the SMSR breaks down at 110 mA due
to instabilities that are caused by the phase change at the HR-coated facet. Also,
a competing lasing process of Fabry-Pérot modes and the single mode emission
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Figure 5.5: PI and SMSR before and after HR coating of the rear facet [Bau15]
has been observed that is likely to cause multi mode-emission at higher currents.
[Bau15]
However, a high SMSR of more than 40 dB is maintained for lower currents. Because
of the loss of single mode behaviour, it was not possible to measure the linewidth
at higher currents.
Fig. 5.6 shows the comparison of the linewidth before and after HR coating. One
can see, that the linewidth over all is lower and more stable after HR coating of the
facet. The minimum linewidth is reduced from 483 kHz at 100 mA to 343 kHz at
100 mA.[Bau15]
This deviation in linewidth is larger than the resolution of the measurement setup,
i.e. it is not just a measurement artifact. A clear reduction of more than 100 kHz
proves a positive influence of the photon density on the laser linewidth meeting the
expectations. Still, HR coatings are not the method of choice as the grating phase
at the facet is arbitrary and its influence will be enhanced by the coating. Additionally, the risk of developing competing Fabry-Pérot modes and thereby losing
single mode emission is increased. This jeopardy is not worth the reduction of the
linewidth.
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Figure 5.6: Laser linewidth before and after HR coating, respectively [Bau15]

5.2.3 Intrinsic linewidth dependent on the heat sink temperature
The linewidth of a 6QD high speed epitaxy is evaluated for elevated temperature
of the heat sink. This behaviour is interesting for the tunable laser device that is
intentionally heated to alter the wavelength. An increase of the laser linewidth is
expected due to temperature noise and increasing threshold current.
The PI curves for different temperatures from 20 to 50◦ C are shown in Fig. 5.7.
The inset shows the temperature and injection current dependent SMSR. The laser
shows the expected behaviour, the threshold current increases with increasing temperature from 70 mA to about 95 mA while the progression of the output power is
unchanged. The maximum output power reduces from ∼ 15 mW to only ∼ 9 mW .
The SMSR is stable over a wide current range with values of more than 40 dB for
all heat sink temperatures.
The linewidth measurement for temperatures from 20 to 50◦ is given in Fig. 5.8. It
can be seen that due to the increasing threshold, the characteristic large linewidth decrease close to threshold shifts to higher currents so that the narrow linewidth range
decreases for higher temperatures. Far from the threshold current, the linewidth
does almost not change and is below 200 kHz. This result is unexpected, yet it
comes in handy as it means, that the laser will show narrow linewidth behaviour
during thermal tuning of the wavelength as long as the laser is far from threshold.
It is a crucial finding for the function of the integrated array, as otherwise, a widely
tunable narrow linewidth laser is not possible and the integrated device would have
to comprise a higher number of lasers in order to decrease the necessary heat input.
A higher number of lasers will increase the number of coupler branches and thereby
the losses in output power. To compensate for these losses a longer SOA length
would be needed increasing the footprint of the device which is undesirable.
The laser linewidth shows a very wide spread with the temperature at 180 mA gain
current that can not be explained by the SMSR or irregularities of the PI charac-
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Figure 5.7: Temperature dependent PI of a stand-alone 6 QD layer high-speed design
epitaxy distributed feedback laser with two bonded contact pads. The
inset shows the SMSR of the same laser

Figure 5.8: Temperature dependent linewidth of a stand-alone 6 QD layer high-speed
design epitaxy distributed feedback laser with two bonded contact pads
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teristics and no clear tendency with temperature can be seen. Possibly, a change of
the phase at the facets has larger influence at this particular current.
The conclusion of these measurements is however that far from threshold, thermal
wavelength tuning is possible without notable linewidth increase which is a basic
requirement for the targeted device.

5.2.4 Comparison of the intrinsic linewidth dependent on the
number of bond wires
As discussed in section 3.2.1 lasers have more than one contact pad if possible. This
section deals with the influence of using more than one contact pad. The use of both
contact pads is expected to yield more uniform pumping and thereby less noise in
the laser cavity and reduced spatial hole burning.
The used laser is a stand-alone laser made from 6QD layer high-speed design laser
material. A very low linewidth of less than 100 kHz is expected from this laser
based on the simulations for 5QD stand-alone lasers that were predicted to show a
linewidth down to 55 kHz.
Fig. 5.9 shows the PI and SMSR characteristics with one and two bonded contacts,
respectively. It can be seen that the threshold current is not altered by the number
of bond wires. Yet the PI-curve and SMSR show striking differences. While the
maximum output power at 360 mA is stable at about 42 mW , the kink in the PIcurve at around 265 mA coinciding with the inset of the second single mode regime
for the single bond laser can not be found in the dual bond laser PI-curve.
Both PI-curves show odd behaviour around the threshold. One would expect a sharp
onset of the lasing power at a certain current. Yet the lasers show a slow inset with
slowly increasing gain that might be a hint to contact problems of the laser that
might also cause the different behaviour with the numbers of bond wires.
The linewidth results are depicted in Fig. 5.10 and Tab. 5.2. In the second single mode section, linewidths down to 50 kHz are achieved meeting the predictions
from the simulations. The linewidth graph shows the typical decrease with output
current, except for the current range where the laser shows multi-mode behaviour.
Still, as the partial uprise and decrease of side modes is unclear, the results are not
entirely reliable as they are also below the trusted regime of the measurement setup.
After return of the single mode behaviour, the linewidth decreases from 90 kHz at
280 mA to 50 kHz at 320 mA. This is a very good linewidth for telecommunication
and to our knowledge the best value presented for this kind of lasers so far.
Current/mA
80
90 110 130
Linewidth/kHz 3500 1540 610 310

150 170
200 170

280 290 300
90 80 60

310 320 325
50 50 50

Table 5.2: Linewidth values of a stand-alone 6 QD layer high-speed design epitaxy
distributed feedback laser with one bonded contact
The second contact of the laser was bonded to the same contact of the ceramic pad.
In this way, the injection to the laser is expected to be more uniform and spatial
hole burning should be reduced. Thereby the noise in the laser is excepted to be
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Figure 5.9: PI and SMSR characteristics of a 6QD high-speed design epitaxy standalone DFB laser with one (left) and two (right) bonded contacts,
respectively

Figure 5.10: Linewidth of a stand-alone 6 QD layer high-speed design epitaxy distributed feedback laser with one bonded contact
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Figure 5.11: Linewidth of a stand-alone 6 QD layer high-speed design epitaxy distributed feedback laser with two bonded contact pads
reduced and lower linewidth should occur.
The SMSR measurement in Fig. 5.9 shows that indeed the laser is single mode
over the whole operation range and temperature dependent measurements show a
good temperature stability. The linewidth measurement of the same laser with two
bonded contacts is given in Fig. 5.11. It shows the characteristic decrease after
threshold and is as low as 200 kHz at 180 mA. This value is almost four times
higher than the minimum value of the single bonded laser. Of course the very narrow linewidth occurred at much higher currents in which the dual bonded laser is
not single mode anymore.
At comparable currents, the single bond laser shows 170 kHz at 170 mA while the
dual bond laser shows 200 kHz at 180 mA. The values are very similar so a similarly
low linewidth is to be expected at higher currents in case the single mode can be
kept up.
The expected stabilization of the SMSR by bonding the second laser is not very
pronounced in the experiment. A PI-curve without kinks was achieved being a sign
of more uniform pumping. Yet the expected reduction in linewidth could not be
seen in the experiments. The linewidth at comparable current ranges is almost not
altered. The linewidth for higher currents is very low in single bond lasers but as
the dual bond laser is multi mode in this current regime no comparison can be given.
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5.3 Linewidth measurement of lasers with coupler
section as rear facet
In this section, lasers with a coupler section at the rear facet are discussed. The
coupler section remains unpumped thereby creating an absorber. The transition
from the laser cavity to the coupler section is considered to act like an AR coating causing a direct transition from light in the laser cavity to the coupler section
thereby causing a reduced photon density and increased linewidth as was discussed
in 5.2.2. The expected linewidth for these devices is thereby much larger according
to simulation results. The results for this kind of lasers will be discussed in the
following.

5.3.1 Comparison of lasers with different epitaxial structures
Lasers with two and five QD layers in the active region are compared concerning
their linewidth. As has been discussed in 5.2.1, a lower linewidth is expected from
the 5QD epitaxy as the ground state will not saturate as early and no additional
lasing from higher order states (that will cause an asymmetry in the gain function)
is expected. First measurements were taken on a 2QD laser at Technion in Haifa.
The data is given in Fig. 5.12 (red squares) and was used to conduct simulations
(solid line) of the linewidth. The minimum measured linewidth is 1 M Hz.
The simulation is based on a quantum dot gain model with constant α-factor that
is used to extract the carrier dependent gain and refractive index. A multi-section
traveling wave simulator is used to simulate the behaviour of the laser in the time
domain. Finally, the linewidth is extracted by a spatially resolved small-signal postprocessing module.[BW15] The α-factor close to the threshold is extracted from the
linewidth simulation[Bje17]. It is 2.5 for the 2QD material. Based on this simulation, a linewidth of 160 kHz at a current of 160 mA is predicted for the 5QD epitaxy
(dashed line) which corresponds to a linewidth enhancement factor of 0.6. This is a
reduction of more than a factor of 4.
Subsequent measurements of the 5QD laser (red dots) show a minimum linewidth
of 340 kHz. The values adapt to the simulation although the linewidth is clearly
wider than simulated. A possible reason is that the simulation does not take into
account that the α-factor depends on a lot of factors that can increase it strongly
for higher currents. The linewidth value recorded for the integrated device is about
the same linewidth that was measured in the stand-alone laser (cmp. 5.2.1). This
contradicts the expectation of the stand-alone laser having a lower linewidth due to
a better cavity Q. It supports the assumption that the 5QD stand-alone laser is not
working the way it is supposed to.
The comparison of the laser linewidth of two different epitaxies shows that a reduction of a factor of 3 from 1 M Hz to the desired range of below 500 kHz is possible
by utilizing higher number of QD layers. The comparison with simulations shows
that the behaviour of the lasers fits well with the theory and confirms the possibility
to reduce the α-factor by dedicated design of the epitaxial structure. Increasing the
QD density by stacking of the layers can reduce the α-factor by a factor of 4 while
increasing the number of layers by a factor of 2.5.
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Figure 5.12: Simulated and measured linewidth of lasers with two and five QD layers,
respectively [Bje17]
The results confirm the expectation that a higher number of quantum dot layers is
more suited for narrow linewidth emission.

5.3.2 Comparison of stand-alone and integrated lasers
To quantify the impact of the losses in the coupler section, the linewidth of lasers
with and without coupler section, i.e. a laser of an array and a stand-alone laser,
are compared. The linewidth of the stand-alone laser is expected to be much narrower due to the higher photon density in the cavity that arises from the canceled
losses from the coupler section. Additionally, the losses are expected to increase the
asymmetry of the gain profile and thereby the α-factor.
Fig. 5.13 shows the linewidth of integrated lasers with 2QD (blue diamonds) and
5QD (red squares) epitaxy, respectively, and a 2QD epitaxy stand-alone DFB laser
(green triangles) with respect to the output power and the corresponding linear fits
that were forced through the origin[BSB+ 17]. The graphs show a clear linear dependence of the inverse of the output power and linewidth as expected from the
Schawlow-Townes equation. The slope decreases clearly for an increased number of QD layers as well as for stand-alone lasers. The influence of the missing
coupler section, i.e. lower losses from the cavity, is much more pronounced than the
reduction due to the epitaxial structure.
In Fig. 5.14 a closer look at the 2QD epitaxy is taken. The linewidth of the standalone laser and the integrated laser are compared on a logarithmic scale. It can be
clearly seen that the linewidth of the stand-alone laser is one order of magnitude
smaller than that of the integrated laser. This shows that a large amount of losses is
added from the coupler section and deteriorates the quality of the cavity [BSB+ 17].
One possibility to tackle the loss in the coupler section is to equip it with contacts in
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Figure 5.13: Intrinsic linewidth of 2QD and 5QD lasers with coupler section and a
stand-alone 2QD laser, respectively, with respect to the output power.
Reproduced from Becker et al.”Widely tunable narrow-linewidth 1.5 µm
light source based on a monolithically integrated quantum dot laser
array”, Applied Physics Letters, 110(18),2017, with the permission of
AIP Publishing

Figure 5.14: Intrinsic linewidth of 2QD lasers with and without coupler section with
respect to the current on a logarithmic scale. Reproduced from Becker
et al.”Widely tunable narrow-linewidth 1.5 µm light source based on a
monolithically integrated quantum dot laser array”, Applied Physics
Letters, 110(18),2017, with the permission of AIP Publishing
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order to pump the laser material to transparency, i.e. just below threshold current.
At higher injected currents even an amplification of the guided light is possible. A
closer look at the influence of the pumping current of the coupler will be taken in
5.3.3. Another possibility is to grow the laser epitaxy in several steps and grow
the active layer selectively. Like this, the coupler will not contain the absorbing
active material but only waveguide material. [BPM+ 11] The fabrication is much
more complicated, yet the risk of adding noises by pumping an additional section is
reduced.
In summary, care must be taken when designing the laser in order to avoid losses
that will deteriorate the cavity and thereby broaden the linewidth. As for the design
of the present light source this means that the couplers need revision in order to
achieve a narrow linewidth device.

5.3.3 Comparison of the linewidth with unpumped and pumped
coupler section
The pumping of the SOA and coupler section is expected to add current noise to
the laser device and thereby increasing the linewidth of the laser section measured
from the rear facet. Another scenario is that the coupler and SOA section adds
feedback to the laser cavity. Feedback usually reduces the linewidth of a laser. Also,
a pumped coupler and SOA section will add less losses to the device. The increased
photon density is expected to reduce the linewidth. Yet, there is no idea of the
degree to which the effects influence the linewidth.
The comparison of the linewidth with pumped and unpumped coupler and SOA
section is given in Fig. 5.15. It can be seen that the linewidth increases slightly due
to noise when the coupler and SOA are pumped. The linewidth value at 230 mA remains about unchanged while the increase is higher for higher currents. At 360 mA,
the linewidth increases by 100 kHz from 300 to 400 kHz which is a rather low increase and the linewidth is still appropriate for use in telecommunication.
The inset shows the measured curve with fitted Voigt profile and according Lorentzian
and Gaussian parts of the spectrum. The measured spectrum shows side peaks that
influence the fitting procedure and artificially widen the extracted linewidth. The
origin of these peaks could not be detected during the measurements. Dougherty
et al. have suggested that these side lobes might be caused by insufficient grounding of the housing of the current source and possibly also of other electrical devices.
This should be tested in future works.
In conclusion, the linewidth of the laser is only slightly altered by pumping of additional section which is beneficial for the integrated light source.
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Figure 5.15: Linewidth from the laser facet with pumped and unpumped coupler and
amplifier section, respectively. The inset shows the measured linewidth
with fitted curves

5.4 Linewidth measurement from the SOA facet of
the integrated device
The final device is supposed to lase from the SOA facet. This section deals with the
linewidth of the laser light after passing the SOA. Given the fact that the noise from
pumping the SOA does only slightly increases the linewidth, the SOA is expected
not to alter the linewidth because of the low noise expected from the QD active
material.
Fig. 5.16 shows the comparison of the linewidth measured from the rear facet, i.e.
the laser facet with pumped (blue diamonds) and unpumped (red squares) coupler
and SOA, respectively and the front facet (green triangles). The linewidth from the
laser facet is only slightly altered by pumping the other parts of the laser, meaning
that the pumping current does only add a low amount of noise to the laser cavity.
On the contrary, the linewidth from the uncoated SOA facet is much wider, the
narrowest measured linewidth is 770 kHz compared to linewidths down to 230 kHz
from the laser facet.
The origin of the increase is assumed in oscillations in the SOA itself, i.e. back reflections into the laser. A hint to that might be given in Fig. 5.17. The bold blue line
depicts the measurement points. A lot of additional peaks can be seen in equidistant
positions from the main peak at 80 M Hz. This might be caused by oscillations at
a frequency corresponding to the distance of the peaks. It might also come from
insufficient grounding of the current source [DGDF99]. Anyways, the peaks do not
only indicate disturbances, they also complicate fitting of the Voigt profile (thin
blue line) so that the evaluated Lorentzian (thin red line) and Gaussian (thin
green line) are not reliable.
As the results suggest that the tilted waveguide is not sufficient to reduce backfreflection, an AR coating is to be used in order to reduce the reflections in the SOA
cavity and ensure a single pass of the light during amplification.
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Figure 5.16: Linewidth of a laser light source from the front facet (green triangles)
and from the rear facet with pumped SOA and coupler (blue diamond)
and with unpumped SOA and coupler (red squares) with respect to the
laser current. The SOA current and coupler current are 200 mA and
50 mA, respectively.

Figure 5.17: Measured data of the linewidth from the SOA facet at a laser current
of 230 mA, a coupler current of 50 mA and a SOA current of 200 mA
with fitted linewidths
The measured linewidth from the SOA facet after coating is given in Fig. 5.18.
As can be seen, for fixed coupler and laser current and different SOA currents, the
linewidth is hardly altered. The linewidth from the SOA facet is in the same range
of the linewidth from the laser facet meaning that the SOA does not add noise to
the emission spectrum. This feature is attributed to the QD active material. [Kai16]
A minimum linewidth of about 130 kHz was measured for all different SOA currents
proving that the linewidth is not altered by amplification in the SOA. The amplification levels with respect to the injection current are given in the inset of Fig. 5.18.
It can be seen that the SOA is already in saturation, still it does not widen the
linewidth. [Kai16] [BSB+ 17]
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5.4 Linewidth measurement from the SOA facet of the integrated device

Figure 5.18: Linewidth of a 5QD layer epitaxy integrated device from the SOA
facet at different SOA amplifications. The inset shows the correspondant amplification of the SOA. Reproduced from Becker et al.”Widely
tunable narrow-linewidth 1.5 µm light source based on a monolithically integrated quantum dot laser array”, Applied Physics Letters,
110(18),2017, with the permission of AIP Publishing.
The results show that the SOA is well-suited for use in an integrated narrow linewidth
light source as it won’t deteriorate the linewidth performance.
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6 Conclusion and Outlook
The presented thesis had the aim to demonstrate the impact of using quantum dots
in the active area of semiconductor laser light sources for coherent optical communication, i.e. emission in the C+ band. The focus of this work is to provide local
oscillator lasers for the demodulation of optical signals. Their most important properties are good wavelength tunability and narrow laser linewidth.
The quantum dots are expected to provide a narrow linewidth along with modehop-free tunability in the DFB lasers. The threshold currents are expected to be
reasonably low. For the coupler section, the QDs are expected to absorb the guided
light. Yet, a reduction of the absorption by moderate pumping of the coupler is
expected. In the SOA section, the QDs are expected to provide low-noise wide
bandwidth amplification.
To review the suitability of QD in optical communication, an integrated laser light
source for use as local oscillator in coherent telecommunication with tunable lasers,
a coupler section and a semiconductor optical amplifier was designed, fabricated
and evaluated. The underlying epitaxy is InP-based and comprises InAs quantum
dots as active material embedded in quaternary material as waveguide lined by an
InAlAs cladding.
Devices with four arrayed lasers with a wavelength difference of 10 nm have been
processed. The lasers have a length of approximately 1000 to 1500 µm and ridge
widths of 1.75 µm, 2 µm or 2.25 µm, respectively. The lasers can be driven individually and show resonable threshold currents of around 50 − 80 mA depending on the
cavity length and number of QD layers in the active material of the device. Output
powers of more than 10 mW were measured from the laser facet.
The wavelengths of the individual lasers can be tuned by changing the refractive
index by heating the device. An internal resistive heater is provided for changing the
wavelength of the lasers. Tuning with this heater at unchanged current and 20◦ C
steady heat sink temperature yielded a wavelength tuning range of 5 nm. Tuning by
heat sink temperature, heater current and gain current of the laser yielded a tuning
range of more than 10 nm per laser resulting in a total tuning range of more than
45 nm covering the complete C+-band. The necessity to increase the tuning by the
heat sink temperature is not intended. A further improvement of the heaters has
to be done in order to increase the heater power and the flash over resistance of
the meandric resistor heaters, e.g. better insulation to the substrate and adjusted
resistor cross-section.
The couplers have been improved significantly by higher etch depth of the coupler
structure and a lower angle of the coupler ridges with respect to the laser ridges.
The initial coupler design did not provide sufficient waveguiding and not enough
light was guided to the SOA, i.e. no output could be measured from the SOA facet.
Still, the couplers have a 3dB loss per branch that is inherent to the design and can
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not be avoided. Additional losses are caused by the quantum dots in the epitaxial
layer. Attempts to etch these dots were not successful. Pumping of the material
up to the transparency current density was shown to reduce the losses and enable
waveguiding to the amplifier section. Further pumping will even yield additional
amplification of the laser signal by a factor of about three. The possibility of a
two-step growth with selective growth of the active material should be investigated
in order to create couplers without active material, i.e. only with the waveguide
section, and thereby decrease material loss.
The amplifier section was investigated by comparing the light output from the laser
facet and the SOA facet showing that both light output powers are about the same.
This means that the amplifier is able to overcome the losses of the coupler section.
When comparing the light output without pumping of the amplifier to the output
power with pumped amplifier, an amplification of 20 − 30 dB could be shown. These
results are in the range of typical reported amplifications for QD-SOAs [ASA07]
[SLK+ 15]. Before the improvement of the coupler leading more light to the SOA, no
output power from the SOA could be observed. Further improvement of the coupler
section is expected to also improve the total output of the integrated device.
Furthermore, it could be shown that the amplifier adds hardly any noise to the
linewidth of the laser signal by comparing the linewidth measured from the laser
facet with and without pumping of SOA and coupler. The linewidth is only slightly
increased.
Also, the linewidth from the laser facet is compared with the linewidth from the
SOA facet at different pump currents applied to the SOA. The laser linewidth does
not differ from the amplified linewidth. The results show the suitability of this QD
SOA for application in narrow linewidth devices.
The linewidths of individual DFB lasers as well as integrated laser devices have
been investigated. The dependence of the linewidth on the epitaxial design could
be shown. The expected reduction of the linewidth with increasing number of QD
layers was confirmed, being a sign of an increase of symmetry in the gain function
of stacked QD layers. Furthermore it confirms the possibility of targeted epitaxial
design.
Linewidth reduction by a factor of more than 7 has been shown comparing integrated devices with two and five QD layers. Linewidths as low as 130 kHz have
been achieved for integrated 5QD devices from the SOA facet while integrated 2QD
devices yielded 1000 kHz from the laser facet as a minimum value.
For pure DFB devices a reduction of a factor of 2 could be shown comparing a 2QD
device (110 kHz) with a 6QD device (down to 50 kHz) although the results for the
6QD laser are not trustworthy as the mechanisms of the second single mode regime
of the laser are not understood. In addition, the linewidth measured is very close
to the resolution limit of the setup. Similar laser structures were shown to exhibit
an intrinsic linewidth of 80 kHz [DHL+ 18] which supports our findings that QD are
favourable when narrow linewidth is required.
Unlike in the case of integrated devices, a reduction in linewidth of stand-alone DFB
lasers could not be confirmed for the increase of the number of QD layers to 5. The
narrowest linewidth measured for this kind of lasers was 270 kHz.
A decrease in the LEF is involved with the decrease of linewidth. Literature names
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values of 3 to 4 for QW structures [AY86]. The LEF of the investigated lasers has
been extracted from simulations of the linewidth of arrayed DFB lasers with two
and five quantum dot layers, respectively. A slight improvement compared to QW
lasers to a value of 2.5 was extracted from simulations for 2QD structures while a
reduction of factor 5 to 7 is seen for 5QD structures with a calculated LEF of 0.6.
Measurements of the linewidth at higher temperatures confirmed that far from the
threshold, the linewidth is hardly altered with temperature which is a mandatory
feature for a thermally tuned narrow linewidth device. Still the temperature can
change the single mode behaviour of a laser due to changed phases of the laser at the
facet. This problem can be targeted by AR coating the laser facet with a trade-off
in output power from the SOA facet as well as the risk of increasing the linewidth
due to reduced photon density in the cavity.
Measurements showed that the laser is sensitive to using a specific laser contact
or more than one contact with the same current source. SMSR as well as output
power and linewidth are influenced. The reasons for this behaviour are still under
investigation. Possible reasons are spatial hole burning due to non-uniform pumping and residual BCB layers under the contact structure. Multiple or redesigned
p-contacts and an alternative planarization process are to be investigated to control
the sensitivity of the laser performance.
In conclusion, InP-based quantum dot laser light sources have shown excellent performance and proved to be interesting candidates for use as local oscillators due to
their narrow linewidth, low noise in amplifying applications and good wavelength
tunability.
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7 Appendix
Ar / sccm
H2 / sccm
Cl2 / sccm
CH4 / sccm
O2 / sccm
CHF3 / sccm
ICP power / W
RF power / W
Temperature / ◦ C
Pressure / mTorr
He backing / Torr

InP etch
10
5
9
8
550
60
160
4
5

Sputter etch
50
1000
200
10
5
-

Grating etch
36
6
150
10
10
5

BCB etch
24
10
180
RT
150
-

Table 7.1: Overview of standard etching recipes

Prebake
Primer
Spin-coating
Bake
Exposure
Post-exposure
bake
Developer
Used for

AZnlof2070 4:3
10 min
120◦ C
Ti-Prime
6000 rpm
5 min
100◦ C
UV
14.5s
1 min
110◦ C
AZ 826
30 s
Ridges

AZnlof2070 4:1
10 min
120◦ C
Ti-Prime
6000 rpm
5 min
100◦ C
UV
14.5s
1 min
110◦ C
AZ 826
1 min
heaters

AZnlof2070 5:1
10 min
120◦ C
Ti-Prime
3000 rpm
5 min
100◦ C
UV
14.5s
1 min
110◦ C
AZ 826
2 min
contact pads

ArP 672.06
10 min
120◦ C
4000 rpm
2 min
180◦ C
Electron beam
µC
180 mm
2
MIBK/IPA 1:3
2 min
gratings

Table 7.2: Overview of standard photo resist processes
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Glossary
Acronym / Symbol
α
α0
α1
α2
αi
αL
αm
β
βp
γ
Γ
∆ν
∆φ
ε0
εr
ηd
κ
Λ
λ
λ0
ρ̂l , ρ̂r
τ0
τb
τC
τD
τr
φLO
φm
Ψcnml
Ω
A
Am
Al2 O3
AOM
Ar

Unit

cm−1

cm−1
cm−1

kHz
◦

F ∗ m−1

nm
nm
nm
s
s
s
s
s

◦
◦

1
3

m2

µm2

Description
linewidth enhancement factor
total cavity loss
incoupling loss
outcoupling loss
internal loss
waveguide losses
mirror losses
complex amplitude
propagation constant
loss rate by cavity and waveguide
confinement factor
linewidth of a semiconductor laser
phase error
electric constant
relative static permittivity
differential quantum efficiency
coupling factor of the grating
grating period
wavelength of the laser
Bragg wavelength
facet reflectivities on the left and right facet, respectively
intrinsic relaxation time
recombination time in the reservoir
coherence time of the laser
delay time of an optical fibre
radiative lifetime
phase of the local oscillator
phase of the laser signal
wave function of the c-hh-transition
phase shift of the DFB grating
heater area
modulation amplitude
Aluminium oxide
accusto-optic modulator, used to shift the light
frequency
Argon
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AR
ASK
Au
BCB
BPSK
c
cf ibre
Cl2
Cr
cw
d
DAQ
DFB
DH
DMSO
En
ESA
f1 ,f2
fm
fres
FC/APC

m
s
m
s

nm

eV

Hz
kHz

FC/PC
FIB
FSK
g
g0
g1
gdif f
gm
G
Ge
GSOA
hν
H2
HF
HR
I
Ith
ICP
InGaAs
InGaAsP
InP
J

88

cm−1
nm
cm−1
cm−1

J

W

/m2
mA

mA
cm2

anti-reflective coating
amplitude shift keying
gold
benzocyclobutene, an insulating polymer
binary phase shift keying
speed of light in vacuum
speed of light in an optical fibre
chlorine
chromium
continuous wave, current mode
thickness of the dielectric
data acquisition tool, used to measure the voltage
distributed feedback, a laser device type
double heterostructure, a laser device type
dimethyl sulfoxide, a solvent
photon energy
electrical spectrum analyzer, used to record the
linewidth
population of QD levels
modulation frequency
resolution frequency
ferrule connector / angled physical contact, a connector
type in fibre optics
ferrule connector / physical contact, a connector
type in fibre optics
focused ion beam, technique used to investigate cross-sections
frequency shift keying
gain of the laser
linear gain coefficient
amplitude of gain variation
differential gain
modal gain, taking into account cladding
stimulated emission rate
generation rate/excitation
gain of the semiconductor optical amplifier
energy of the laser line
hydrogen
hydro fluoric acid
high reflection
average field intensity
threshold current of the laser diode
inductively coupled plasma
indium gallium arsenide
indium gallium arsenide phosphide
indium phosphide
current density

Jth
Jtr
L
Lf ibre
LEF
LIV
LO
m
MBE
MMI
MQE
n
0
n
00
n
ne
N
N0
ND
Ne
NR
n1
nef f
Ni
NMP
OSA
P0
Pmax
Psat
PI
PSK
Pt
PVD
q
Q
QD
QW
rm
R
RF
RIE
RTA
S(z, T )
Ssat
SiO2
SMSR

mA
cm2
mA
cm2

µm
m

cm−3
cm−3
cm−3

mW
mW
mW

F

dB

threshold current density
transparency current density
device length
length of delay fibre in self-heterodyne setup
linewidth enhancement factor
light power, current and voltage characteristics
local oscillator
order of Bragg diffraction
molecular beam epitaxy
multi-mode interference
multi quantum well
refractive index
real part of complex refractive index
imaginary part of complex refractive index
electron concentration
carrier density
transparency carrier density
number of QD
steady-state carrier density
number of eh pairs in the reservoir
amplitude of the index variation
effective refractive index
nickel
n-methyl-2-pyrrolidone, a solvent
optical spectrum analyzer
laser output power
maximum output power
saturation power of the SOA
power vs current characteristics
phase shift keying
platinum
physical vapour deposition
charge
quality factor of the cavity
quantum dot
quantum well
facet reflectivity
spontaneous emission rate
radio frequency
reactive ion etching
rapid thermal annealing
photon density
saturation photon density
silicon dioxide
side mode suppression ratio
ratio of main peak to the second highest peak
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SOA
Tsubs
Ti
uc (r)
Uf
UV
VI
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◦

C

V

semiconductor optical amplifier
substrate temperature
titanium
periodic part of the Bloch function
flashover voltage
ultra violet, wavelength range of light
voltage vs current characteristic
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