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Abstract

The subject of this thesis is the development of a narrow-linewidth high-power laser
source for coherent optical communication in space. Application in a space environment
requires all components to feature good mechanical stability, small volume, high effi-
ciency, and low weight. Coherent optical communication applications require the laser
source to exhibit narrow spectral linewidth, good continuous tuning characteristics, and
a stable single mode operation. Furthermore, long distance optical communication links
between satellites require a laser source with relatively high output power and good spa-
tial beam quality. Up to now, these requirements, especially the combination of narrow
linewidth, high output power, and small volume could not be fulfilled with semiconduc-
tor lasers or semiconductor based laser sources. Instead, amplified optically pumped
solid state or fiber lasers are used.

This work presents a fully semiconductor-based laser source that meets the require-
ments of coherent optical communication links in space and further allows to benefit from
the numerous advantages of semiconductor lasers. A hybrid master oscillator power am-
plifier (MOPA) concept enables narrow-linewidth high-power operation. The realization
of such a laser source requires the accomplishment of two tasks. Firstly, the realization of
semiconductor laser chips and semiconductor-based laser systems with narrow linewidth
emission and high output power is challenging. Secondly, the experimental confirmation
of such narrow linewidths is nontrivial and requires a dedicated measurement setup. This
work addresses both tasks and describes how they have been successfully accomplished.

This work is organized as follows:

The physics of semiconductor lasers and the corresponding theory of the linewidth
of semiconductors is briefly introduced. The working principles of distributed feedback
(DFB) and distributed Bragg reflector (DBR) lasers are explained and a linewidth theory
is presented. Simulations of the linewidth rely on a transfer matrix model and are carried
out with the in-house software "cme". The concept of a master oscillator power amplifier
is presented under the aspect of narrow linewidth high power operation.

The experimental part of this thesis describes how the linewidth of the laser sources
is characterized with a beat note measurement technique. To this end, a self-delayed
heterodyne (SDH) as well as a heterodyne measurement setup were realized. The self-
delayed heterodyne linewidth measurement setup provides the possibility to measure
the linewidth of single laser sources. However, the resolution of a SDH measurement
is limited by the length of the delay line and a valid measurement of the very narrow
linewidths obtained within this work would require an impractically long fiber. There-
fore, a novel heterodyne linewidth measurement setup with a weak frequency lock of
the two lasers has been realized. This measurement setup features a virtually unlimited
resolution.

The analysis of the beat note signal is carried out by evaluating radio frequency (RF)
beat note spectra as well as frequency noise spectra. RF beat note spectra are used
to extract the FWHM (full width at half maximum) linewidth (linewidth including all
noise sources) of the laser. Frequency noise spectra are recorded to give a deeper insight
into the noise characteristics and are used to derive the intrinsic linewidth (linewidth
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excluding technical noise).
Further, the characteristics of DFB and DBR lasers optimized for narrow linewidth

operation are compared in terms of spectral stability, linewidth, and performance in a
master oscillator power amplifier system. DFB as well as DBR laser show stable single
mode operation over a wide current range. The theoretically expected 1/P dependence
of the intrinsic linewidth was experimentally observed for both laser structures whereas
the FWHM linewidth typically shows a slight re-broadening effect which we attribute to
technical noise of the current driver. DFB lasers with a cavity length of 2 mm feature
an intrinsic linewidth of 7 kHz at an output power of 116 mW and a minimum FWHM
linewidth of 280 kHz at 65 mW. In contrast DBR lasers with an overall length of 4 mm
and a front facet reflectivity of 30% feature an intrinsic linewidth of 2 kHz at 180 mW and
a FWHM linewidth as small as 180 kHz up to an output power of 180 mW. An intrinsic
linewidth of 2 kHz is, to our knowledge, the smallest linewidth that has been reported
in the literature so far. Furthermore these DBR lasers can continuously be tuned by
450 GHz.

The concept of a hybrid integrated MOPA has been developed and the assembly
procedure and the characteristics of the micro-integrated MOPA system are presented.
The MOPA is realized on a footprint of 10 x 5 mm2. A micro-isolator between the
oscillator and the power amplifier is used to suppress optical feedback effects that would
deteriorate the linewidth and the spectral characteristics of the oscillator and thus of the
MOPA system. The spectral characteristics of the oscillator are amplified without any
significant modification of the spectral properties. The MOPA system features an output
power of more than 1 W, a FWHM linewidth of 100 kHz and an intrinsic linewidth of
3.6 kHz. Furthermore the good tuning characteristics of the oscillator are maintained.
Aging tests of MOPA systems over 1000 h let us hope, that an overall lifetime of several
thousand hours can be expected. In addition, vibrations loads comparable for space
qualification of laser communication terminal (LCT) components did not result in a
noticeable modification of the MOPA system performance.

To our knowledge, this is the first micro-integrated MOPA concept that simultaneously
features narrow linewidth and addresses the requirements of spaceborne laser sources like
mechanical stability, compactness, and efficiency. We believe, that this laser source is
ideally suited to improve the performance of existing LCTs in space. Furthermore, the
concept can be transferred to any other wavelength covered by semiconductor lasers and
could be used for applications like precision spectroscopy.
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Zusammenfassung

Ziel dieser Arbeit ist die Entwicklung einer Laserquelle mit geringer Linienbreite und ho-
her Ausgangsleistung für den Einsatz in der kohärenten optischen Datenübertragung im
Weltall. Ein Weltraumeinsatz erfordert eine gute mechanische Stabilität, kleine Abmes-
sungen, eine hohe Effizienz und ein geringes Gewicht aller verwendeten Bauteile. Eine
Laserquelle, welche in der kohärenten optischen Datenübertragung eingesetzt werden
soll, muss eine geringe spektrale Linienbreite, ein gutes Durchstimmverhalten und einen
stabilen Singlemode-Betrieb aufweisen. Für optische Intersatellitenkommunikation wird
zudem eine Laserquelle mit hoher Ausgangsleistung und guter Strahlqualität benötigt.
Bisher können diese Anforderungen, im Speziellen die Kombination aus geringer Lin-
ienbreite, hoher Ausgangsleistung und kleinen Abmessungen, nicht durch Halbleiter-
laser oder halbleiterlaserbasierte Systeme erfüllt werden. Stattdessen werden optisch
gepumpte Festkörperlaser oder Faserlaser verwendet.

In dieser Arbeit wird eine halbleiterbasierte Laserquelle vorgestellt, welche die An-
forderungen der kohärenten optischen Datenübertragung im All erfüllt und darüber
hinaus die zahlreichen Vorteile von Halbleiterlasern nutzbar macht. Die Kombination
aus geringer Linienbreite und hoher Ausgangsleistung wird durch ein hybrides "Mas-
ter Oscillator Power Amplifier" (MOPA) Konzept erreicht. Für die Umsetzung dieses
Konzeptes müssen zwei Aufgaben gelöst werden: zum einen die anspruchsvolle Real-
isierung von Halbleiterlasern und Halbleiterlasersystemen mit geringer Linienbreite und
hoher Ausgangsleistung, und zum anderen der experimentelle Nachweis der erreichten
Linienbreiten. Letzteres erfordert den Aufbau eines speziellen Messplatzes. In dieser
Arbeit werden beide Herausforderungen behandelt und es wird beschrieben wie diese
erfolgreich gelöst wurden.

Die Arbeit ist wie folgt gegliedert:

Im theoretischen Teil wird die Physik von Halbleiterlasern und die entsprechende
Linienbreitentheorie vorgestellt. Die Funktionsweise von "distributed feedback" (DFB)
und "distributed Bragg reflector" (DBR) Lasern wird erklärt und die Linienbreite wird
basierend auf einer Tranfermatrixmethode durch die institutseigene Software "cme" simu-
liert. Des Weiteren wird das MOPA Konzept im Hinblick auf die Realisierung der Kom-
bination aus geringer Linienbreite und hoher Ausgangsleistung, eingeführt.

Im experimentellen Teil dieser Arbeit wird zunächst erklärt wie die Linienbreite der
Laserquellen anhand einer Schwebungsmessung charakterisiert wird. Dazu wurde sowohl
ein "self-delayed heterodyner" (SDH) als auch ein "heterodyner" Messaufbau realisiert.
Das "self-delayed heterodyne" Verfahren ermöglicht die Charakterisierung der Linienbre-
ite einer einzelnen Laserquelle. Allerdings ist die Auflösung der SDH Messmethode durch
die Länge der Verzögerungsfaser begrenzt. Um Linienbreiten in der Größenordnung, wie
sie in dieser Arbeit vorgestellt werden, messen zu können, würde man mit der SDH Mess-
methode eine kaum realisierbar lange Faserlänge benötigen. Aus diesem Grund wurde
eine neuartige heterodyne Messmethode entwickelt, welche auf einem "schwachen" Fre-
quenzlock zweier Laser beruht, wodurch eine nahezu unbegrenzte Auflösung erreicht
wird.

Die Analyse des Schwebungssignals basiert sowohl auf der direkten Auswertung des
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RF-Schwebungssignals als auch auf der Analyse von Frequenzrauschspektren. Die volle
Halbwertsbreite (FWHM) der Linienbreite (Linienbreite, welche alle Rauschquellen bein-
haltet) wird aus dem RF-Schwebungssignal abgeleitet. Frequenzrauschspektren geben
die Rauscheigenschaften der Laserdiode wieder und werden zur Bestimmung der intrin-
sischen Linienbreite (Linienbreite ohne technische Rauscheinflüsse) verwendet.

Des Weiteren wird die Charakteristik von linienbreiten-optimierten DFB und DBR
Lasern im Hinblick auf spektrale Stabilität, Linienbreite und Verhalten in einem MOPA
Konzept verglichen. Sowohl DFB als auch DBR Laser weisen einen stabilen single-mode
Betrieb über einen weiten Strombereich auf. Das theoretisch erwartete 1/P-Verhalten
der intrinsischen Linienbreite konnte für beide Lasertypen beobachtet werden, wohinge-
gen sich die FWHM Linienbreite für größere Pumpströme meist erhöht. DFB Laser
mit einer Resonatorlänge von 2 mm erreichen eine intrinsische Linienbreite von 7 kHz
bei einer Ausgangsleistung von 116 mW und eine minimale FWHM Linienbreite von
280 kHz bei 65 mW. DBR Laser mit einer Gesamtlänge von 4 mm und einer Front-
facettenverspiegelung von 30% zeichnen sich durch eine intrinsische Linienbreite von
2 kHz bei 180 mW und eine FWHM Linienbreite von nur 180 kHz für Ausgangsleistun-
gen bis 180 mW aus. Eine intrinsische Linienbreite von 2 kHz ist, unseres Wissens nach,
die geringste intrinsische Linienbreite, über die bisher in der Literatur berichtet wurde.
Des Weiteren lassen sich diese DBR Laser modensprungfrei über 450 GHz durchstimmen.

Mit den oben genannten DBR Lasern wurde ein hybrid integriertes MOPA-Konzept
auf einer Grundfläche von 10 x 50 mm2 entwickelt. Die Aufbauschritte und die Charak-
teristik dieses mikro-integrierten MOPA Systems werden präsentiert. Optische Rück-
kopplungseffekte, welche die Linienbreite verschlechtern würden, werden durch einen
Mikroisolator zwischen Oszillator und Verstärker unterdrückt. Die spektralen Eigen-
schaften des Oszillators bleiben bei der Verstärkung unverändert. Das MOPA System
zeichnet sich durch eine Ausgangsleistung von 1 W, eine FWHM Linienbreite von 100 kHz
und eine intrinsische Linienbreite von 3,6 kHz aus. Darüber hinaus bleiben die guten
Durchstimmeigenschaften des Oszillators erhalten. Alterungstests über 1000 h lassen
auf eine gesamte Lebensdauer von mehreren tausend Stunden hoffen. Vibrationstests
mit ähnlichen Anforderungen wie für die Qualifizierung eines "Laser Communication
Terminals" (LCT) veränderten die Eigenschaften des MOPA Systems nicht wesentlich.

Soweit uns bekannt, ist dies das erste mikro-integrierte MOPA Konzept, welches
sowohl eine geringe Linienbreite besitzt als auch die Anforderung von Weltraumkom-
ponenten, wie mechanische Stabilität, geringe Abmessungen und hohe Effizienz, erfüllt.
Wir denken, dass diese Laserquelle geeignet ist, um die Eigenschaften bestehender LCTs
im Weltall zu verbessern. Außerdem lässt sich dieses Konzept auf andere Wellenlän-
gen übertragen und könnte daher auch für Anwendungen wie Präzisionsspektroskopie
eingesetzt werden.
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1. Introduction

Space communication already plays a significant role in making our global network as
widespread as it is today. Worldwide live broadcasting of popular events or commu-
nication with users located in remote areas relies on satellite communication. Todays
communication systems in space make use of radio frequency (RF) technologies to trans-
mit data. However, even if there is still some room to push microwave technologies to
better performances, eventually the performance of these systems will be limited due to
their relatively large wavelength. The ever increasing demand for higher data rate and
thus higher bandwidth will force scientists and engineers to look for new technologies
to fulfill these needs. Optical data links are considered to be the next generation space
communication links not only because of their capability to provide higher data rates but
also because they offer numerous other advantages like a reduced antenna size (discussed
in more detail in chapter 2.1.1).

The most promising optical communication format in space is considered to be coher-
ent optical communication. The feasibility of a coherent optical data link with GB/s data
rates in space has already been demonstrated between the German satellite TerraSAR-X
and the US satellite NFIRE [1].

An optical communication network in space as it may look like in the future is depicted
in fig. 1.1. Satellite to satellite as well as satellite to ground communication links will be
realized in order to establish a widely ramified communication network. However, the
research on coherent optical communication in space is still at the beginning and several
challenges are to be faced.

TESAT, the company that manufactured the laser communication terminals (LCT)
utilized in the above mentioned satellites, uses optically pumped solid state lasers to
obtain the required spectral stability and linewidth. However, these lasers suffer from
low efficiency, poor mechanical stability, large size, and heavy weight. In contrast,
semiconductor lasers do not exhibit these drawbacks. Moreover, semiconductor lasers
cover most of the visible and NIR spectral range which can further be extended by
frequency-doubling. Furthermore, semiconductor lasers feature direct high bandwidth
modulation capability. However, the requirements for coherent optical LCTs in terms of
spectral stability and linewidth have not been met so far by high power semiconductor
lasers.

There are already attempts towards the miniaturization of LCTs. One example is the
"European Space Agency" (ESA) project SOTT (small optical user terminal) where the
focus lies on the realization of low weight, low cost, and efficient laser terminals. In the
future ESA plans to further fund projects related to the miniaturization of LCTs under
the ARTES (advanced research in telecommunication systems) program [2].

In the long run, a widespread coherent optical communication network will require a
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1. Introduction

Figure 1.1.: An optical communication network realized in space as it may look like
in the future. Satellite-satellite communication indicated with reddish
lines, satellite-ground communication with greenish lines. Image courtesy:
"Deutsches Zentrum für Luft- und Raumfahrt e. V. DLR" (data links were
added).

large number of LCTs in space. Since semiconductor lasers feature the smallest volume,
potentially the lowest cost, and the highest efficiency of all laser sources, miniaturization
and optimization of energy efficiency are the points where semiconductor lasers will make
the difference. Now is therefore the right time to develop semiconductor-based laser
sources that will meet the specifications for coherent space communication in order to
be ready when the market demands for such solutions.
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2. Narrow Linewidth Semiconductor Lasers

and Their Applications

This chapter gives an introduction to the developments in the field of narrow linewidth
semiconductor lasers as well as to potential applications like coherent optical free-space
communication.

2.1. Applications of Narrow Linewidth Semiconductor Lasers

If the spectral stability requirements can be met, semiconductor lasers would be ideal
candidates as laser sources for coherent optical free-space communication. Therefore,
this application and its requirements will be discussed in more detail. Furthermore,
possible applications in the field of precision measurements will briefly be presented.

2.1.1. Coherent Optical free-space Communication

In contrast to conventional RF communication systems, the carrier frequency of an
optical communication system is significantly smaller (optical: ≈ 1 µm, RF: ≈ 10 cm).

In general a communication link with a higher carrier frequency allows the transmission
of higher data rates. Moreover, the smaller wavelength significantly reduces the size of
the communication cone through a better focusing of the beam and further reduces
the size of the antenna. In contrast to RF communication, generally only one beam is
reaching the receiver in an optical data link and hence no interference problems occur.
Furthermore, optical data links are considered to be tap-proof because monitoring of the
signal can only be accomplished by interrupting the link or by placing a receiver close
to the transmission cone. Both tapping attempts are hard to be realized and can easily
be revealed. Additionally, in contrast to the heavily regulated RF regime (e.g. by the
International Telecommunication Union), there are no bandwidth restrictions for optical
communication so far.

Similar to RF communication, modulation of an optical signal can be realized by
amplitude, frequency, or phase modulation. The most promising modulation technique
for free-space communication is considered to be phase modulation where information is
represented by the instantaneous phase of the carrier wave. The phase modulated signal
can be demodulated by the use of a coherent receiver where the signal is down-converted
to a baseband frequency in the RF regime by the use of a heterodyne or homodyne
detection setup.

Coherent optical communication offers the advantage that signals with extremely low
intensities can be detected. Theoretically only a few photons are required to detect
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2. Narrow Linewidth Semiconductor Lasers

one bit with a decent error rate. This is achieved by mixing the received signal with a
strong optical local oscillator on a fast photo-detector. Furthermore, the received signal
can actively be filtered by means of an optical phase locked loop providing a spectral
selectivity superior to any available optical filter. Further, it can spatially be filtered by
the highly directional received cone. Due to the effective filtering, such a system enables
communication even with the sun in the field of view [3].

The laser linewidths required for various modulation formats are listed in table 2.1
for a 10 GB/s link. Binary phase shift keying requires a linewidth of 8 MHz or less,
whereas narrower linewidths are required for other modulation formats. However, the
performance of the optical links in the table could further be improved if the laser sources
would exhibit a narrower linewidth.

Modulation ∆ν for 10 GB/s Reference
scheme

2-DPSK 30 MHz [4]
4-DPSK 5 MHz [5]
2-PSK 8 MHz [6]
4-PSK 250 kHz [7]
8-QAM 90 kHz [8]
16-QAM 6.9 kHz [8]

Table 2.1.: Typical linewidth requirements for various modulation schemes [9] (∆ν:
linewidth).

Several studies have been carried out and prototypes have been realized towards the
development of a laser communication link in space [10, 11, 12], however, budget cuts
prevented a demonstration in space in most cases. A summary of the main optical
communication links that have been realized in space and foreseen missions equipped
with laser communication terminals are listed in table 2.2.

The worlds first optical inter-satellite link has been realized between the European
satellite ARTEMIS and the Japanese satellite SPOT-4. Semiconductor lasers and a
direct modulation technique (ON-OFF keying) were used within the optical communi-
cation terminal called SILEX (Semiconductor Inter satellite Link EXperiment) and data
rates up to 50 Mbps (between SPOT-4 and OICETS) were achieved [13, 14].

The first successful demonstration of a coherent optical inter-satellite link has been
carried out in 2008 with laser communication terminals by TESAT between the low
earth orbit (LEO) satellites TerraSAR-X (Germany) and NFIRE (US) [15, 3]. Until
now several hundred communication links have been performed at impressive data rates
of 5.6 Gb/s [1, 16]. Furthermore, coherent optical communication from a LEO-satellite
to a ground station in Teneriffe has also been demonstrated [17]. TESAT uses a Nd:YAG
monolithic nonplanar ring resonator laser (NPRO) source pumped by diode lasers man-
ufactured by the FBH. The phase modulation on the transmitter side is generated by a
lithium niobate electro-optical modulator. The LCT has a footprint of 580 x 580 mm.
All optical components like pump laser source, NPRO laser, phase modulator, and fiber
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amplifier are fiber coupled to allow a modular distribution and thus a high degree of flex-
ibility which is advantageous for the realization of demonstrators. A modular approach,
however, increases the overall size and weight. Future systems with a commercial back-
ground will aim on realizing compact integrated system approaches with less weight and
lower volume.

The launch of the satellites Sentinel 1 and 2 (ESA) and Alphasat (DLR) are scheduled
for the year 2012 and 2013, respectively. The LCTs on these satellites are supposed to
demonstrate the first GEO (geostationary earth orbit)-LEO coherent optical communi-
cation link. The LCTs will also make use of Nd:YAG lasers and the aspired data rate is
2.8 Gb/s.

Furthermore, the "National Aeronautics and Space Administration" (NASA) together
with the "Jet Propulsion Laboratory" (JPL) plan on increasing the data rate for deep
space missions by optical communication links. ESA and the DLR are planning to equip
most of their future satellites with LCTs to increase the data rate by an order of mag-
nitude in comparison to current radio frequency links. ESAs target is to realize data
rates of 100 Mbps over a distance of one astronomical unit (roughly the average distance
between the sun and the earth) with a link availability of more than 95 % [2]. Further re-
search in this field is carried out by the "Japan Aerospace Exploration Agency" (JAXA),
the "National Institute of Information and Communications Technology" (NICT), or
RUAG Space Ltd. An overview over current research projects and future trends is given
in [18].

Modulation direct, SILEX coherent, BPSK

satellite ARTEMIS SPOT-4 (CNES), TerraSAR-X (DLR), Alphasat (DLR)
(ESA) OICETS (JAXA) NFIRE (USA) Sentinel 1+2 (ESA)

LCT mass 157 kg 150 kg, 35 kg 50 kg
170 kg

power consumption 200 W 150 W 120 W 160 W
volume - - 0.58 x 0.58 x 0.6 m3 0.6 x 0.6 x 0.7 m3

telescope diameter 250 mm, 150 mm 125 mm 135 mm
130 mm

max. optical 35 mW 70 mW, 0.7 W 2.2 W
transmitter power 100 mW,

bit error rate <10-6 <10-6 10-11 10-8

link distance <45000 km <45000 km <6000 km <45000 km
data rate 2 Mbps 50 Mbps 5.6 Gbps 2.8 Gbps

laser source GaAlAs LD GaAlAs LD Nd-YAG Nd-YAG
wavelength 847 nm 819 nm 1064 nm 1064 nm
launch date 12.07.2001 24.03.1998, 15.06.2007, 2013,

23.08.2005 24.04.2007 2012
orbital location GEO 21.5°E LEO 825 km, LEO 508 km, GEO 25°E,

LEO 610 km LEO 350 km LEO 800 km

Table 2.2.: Basic characteristics of existing and foreseen optical communication satellites
in space [19, 16].
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2. Narrow Linewidth Semiconductor Lasers

Typical requirements of a laser source to be used in a coherent optical communication
link in space are summarized in the following. The realization of a laser source with a
good trade-off between the different performance aspects is the goal of this work.

• sufficiently high output power

– LEO-(LEO-ground): 1 W

– GEO-(GEO-LEO-ground): 5 W

• narrow linewidth

– depends on the modulation technique to be used, see table 2.1

• large mode-hop-free tuning range to lock the receiver local oscillator to the received
beam

– depends on the absolute frequency stability of the laser source, 300 GHz seems
to be reasonable for semiconductor lasers

• good beam quality

– M2 below 2 in lateral as well as in vertical direction

• small volume, small weight

• high energy efficiency

• space qualified components and space qualified system

Moreover, coherent optical communication is used for earth-bound coherent free-space
optical links. However, due to relatively high atmospheric absorption and scattering,
laser sources at larger wavelengths than covered by the GaAs-technology are preferred.
Since a variety of optical components are easily available, systems have been realized at
1550 nm [20]. However, the lowest disturbance to the data link by the atmosphere can
be found for wavelengths beyond 2 µm [21]. To improve the quality of the link, systems
are required to compensate for atmospheric turbulences [20].

2.1.2. Further Applications

As mentioned before, the target application underlying this work is coherent optical
communication. Nevertheless, narrow linewidth semiconductor lasers are also attractive
for a variety of other applications.

Since semiconductor lasers cover a wide wavelength range they are used for appli-
cations that require specific wavelengths. A prominent example is spectroscopy for
precision measurements where atomic lines are used for absolute frequency stabilization
of laser sources. In fundamental physics, narrow linewidth lasers can further be used
for time keeping applications, precise measurement of natural constants [22], LIDAR, or
distance measurements.
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An example where narrow-linewidth high-power laser sources with excellent mechan-
ical stability are employed is presented in [23]. The laser sources at 780 nm are used
for Doppler cooling as well as for detection of a Bose-Einstein condensate of ultra-cold
Rubidium atoms. The experimental apparatus is housed in a capsule, that is dropped
at the ZARM drop tower to allow for 4.5 s of free fall under micro-gravity conditions.
An image of the drop tower (left), the capsule (middle) and the Bose-Einstein conden-
sate experimental chamber (right) is depicted in fig. 2.1. The laser sources for these
experiments are also developed and realized at the FBH.

Figure 2.1.: ZARM drop tower (left), capsule (middle), Bose-Einstein condensate exper-
imental chamber (right) [23]. Reprinted with the permission from AAAS.
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2. Narrow Linewidth Semiconductor Lasers

2.2. Major Technical Developments and State of the Art

Milestones in the development of narrow linewidth semiconductor lasers are summa-
rized in chronological order in table 2.3. The last four results were published by the
"Ferdinand-Braun-Institut, Leibniz Institut für Höchstfrequenzetechnik (FBH)"’ and the
last three can be considered to be the essential results of this work.

The first careful measurements of the spectral linewidth of semiconductor lasers have
been carried out by Fleming and Mooradian in 1981 [24]. They measured a 10 MHz
linewidth of a Fabry-Perot laser emitting at a wavelength of 832 nm.

Arakawa claimed that the spectral linewidth of semiconductor lasers can be reduced
by the use of a quantum well structure [25]. He explained this effect by a reduction of
the linewidth enhancement factor which was experimentally confirmed by Noda [26] in
1987 who obtained a linewidth of 10.5 MHz.

In 1992 Bissessur showed that a strained quantum well can further decrease the
linewidth [27] and obtained a linewidth as small as 70 kHz at an output power of 10 mW.

λ/4-shifted DFB lasers feature a stable single-mode operation since the phase shift
allows the stop band mode to oscillate. However, longitudinal spatial hole-burning is
known to broaden the line of this kind of laser if an abrupt phase shift is implemented.
To suppress the effect of longitudinal spatial hole-burning, Okai realized a corrugation
pitch modulated (CPM) DFB laser where the effective λ/4-phase shift is distributed over
360 µm. This device featured the narrowest intrinsic linewidth of semiconductor lasers
of 3.6 kHz at an output power of 55 mW that has been presented prior to our work.

Recently, gain guided DBR lasers with a stripe width of 15 µm and a linewidth below
500 kHz have been reported [28]. This is worth mentioning because gain guided lasers
are typically not considered to feature a stable single-mode, narrow-linewidth operation.

Until 1993 the linewidth of semiconductor lasers was steadily decreased, whereas later
on these narrow linewidths have not been obtained anymore. This somewhat surprising
chronological development is explained by the fact that there has been put much effort
in obtaining narrow linewidth semiconductor lasers at the end of the eighties and at
the beginning of the nineties to realize optical communication over long distances, for
instance across oceans by coherent optical communication techniques. After the inven-
tion of the erbium doped fiber amplifier [29], direct modulation techniques, that do not
require very narrow linewidth lasers, have been preferred.

In recent years, research activities in this field have been steadily growing again. This
renaissance is driven by an increasing demand for narrow linewidth lasers in fields like
precision measurements and the demonstration of new detection schemes in coherent
optical communication [30].

Linewidth measurement results of narrow linewidth MOPA systems have barely been
published. One exception is [31] where a bench-top MOPA system using an ECDL as
master oscillator with a FWHM linewidth of less than 100 kHz and an output power of
500 mW has been presented.

A lot of the research on narrow linewidth semiconductor lasers has been carried out
for DFB lasers due to their potential to emit in a stable single-mode. Further, devices
emitting at a wavelength of 1550 nm have been in the focus because this is the standard
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2.2. State of the Art

optical fiber communication wavelength.
Unfortunately, most publications concerning narrow linewidth semiconductor lasers

either present a sophisticated measurement and evaluation technique with a modest
linewidth (often the linewidth of a commercially available product) or a record linewidth
with a non-meaningful measurement setup. Most of all, noise contributions of the semi-
conductor laser itself (referred to as the intrinsic linewidth in this work) have not been
separated from technical noise contributions even though this separation is necessary to
understand the spectral performance of the laser. This will be shown in this work.

author year ∆νF W HM ∆νint Pout λ laser type institution
[kHz] [kHz] [mW] [nm]

Fleming [24] 1981 10000 - 14 832 Fabry Perot Lincoln Lab.

Noda [26] 1987 10500 - 5 860 DFB (MQW) Mitsubishi

Kojima [32] 1988 1050 - 11 866 DFB Mitsubishi

Kitamura [33] 1990 250 - 4 1530 DFB NEC Corporation

Matsui [34] 1991 200 - 17 1540 DBR Oki Electric Industry

Kunii [35] 1991 85 - 10 1500 DBR Oki Electric Industry

Bissessur [27] 1992 70 - 10 1550 DFB (strain) Alcatel

Okai [36] 1993 - 3.6 55 1543 CPM-DFB Hitachi

Smith [37] 1996 39 - 24 1010 DBR University of Illinois

Lammert [38] 1997 25 - 25 1060 DBR University of Illinois

Wilson [31] 1998 100 - 500 778 MOPA University of Otago

Takaki [39] 2002 700 - 100 1550 DFB Yokohama, Furukawa

Price [40] 2006 20 - 15 850 DBR University of Illinois

Doussiere [41] 2007 < 300 - 500 1310 DFB JDS U. Corp.

Vermersch [42] 2008 900 - 70 852 DFB Thales

Ligeret [43] 2008 800 - 40 852 DFB Thales

Dias [28] 2011 <400 - 160 990 DBR, gain guided University of Illinois

Paschke [44] 2010 1091 146 1388 973 DBR FBH

Spießberger [45] 2010 234 22 116 1066 DFB FBH

Spießberger [46] 2011 180 2 170 1056 DBR FBH

Spießberger [47] 2011 100 3.6 1200 1056 MOPA FBH

Table 2.3.: Chronological development of narrow linewidth semiconductor lasers. The
last four publications were published by the FBH and the last three papers
(marked yellowish) can be considered to be the groundwork of this work.

It should be noted, that optically pumped solid state lasers, fiber lasers [48, 49], and
ECDL lasers [50] can provide narrower free-running linewidths. Furthermore, even nar-
rower linewidths can be obtained by frequency stabilization of semiconductor lasers to
high-Q reference cavities where sub-Hz linewidths have been reported [51, 52, 53, 54].
However, all these laser sources require a complex setup and are inferior to semicon-
ductor lasers with respect to one or more of the following aspects: mechanical stability,
efficiency, wavelength coverage, size, and weight.
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3. Physics of Semiconductor Lasers and

Linewidth Theory

The first step towards the development of lasers was Albert Einsteins work in 1916 [55].
He postulated that photons can stimulate excited atoms to emit an absolutely identical
photon. However, the realization of something like a laser was not discussed at this
time, because a population inversion, required for laser action, was not considered to
be achievable. In later years, the concept of stimulated emission has been confirmed at
microwave frequencies [56] and a microwave maser has been realized [57]. In 1958, the
first detailed theoretical description of a laser (called an "optical maser") has been carried
out by Schawlow and Townes [58]. The first laser, a ruby laser pumped by a flashlight,
has been realized in 1960 by Maiman [59]. Ever since then, the importance of lasers
has steadily been increasing and more and more applications rely on this outstanding
invention [60]. In the year 2010, the 50th anniversary of the laser has been celebrated
and its development is considered to be one of the major scientific achievements within
the 20th century.

3.1. Semiconductor Lasers

Although, light emission from a p-n junction has first been reported in 1907 [61] it took
until 1962 that the first semiconductor laser, a homostructure device immersed in liquid
nitrogen, was demonstrated in pulsed operation by Hall [62]. Today, semiconductor lasers
are the most widespread type of laser, and they are used in a variety of applications like
material processing, telecommunication, spectroscopy, or optical pumping of solid state
lasers.

Semiconductor lasers are often favored over other types of lasers due to their com-
pactness, high conversion efficiency, small size, low weight, feasibility of being directly
modulated, and potentially low cost. Furthermore, todays semiconductor lasers cover
almost the entire wavelength range from the visible violet to the far-infrared.

Within this section the basic physics of semiconductor lasers are introduced under the
aspect of narrow linewidth operation.

3.1.1. Radiative Transitions

The basic radiative transitions that occur within a semiconductor are depicted in fig. 3.1.

Stimulated carrier generation (fig. 3.1 (left)) describes the excitation of an electron
from the valence band (energy level: EV ) to the conduction band (energy level: EC) by
absorption of a photon. For this process to happen, the photon energy hν (h is Plancks
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3. Semiconductor Laser and Linewidth Theory

constant and ν is the photon frequency) needs to be larger than the band gap energy
Eg (hν ≥ Eg).

A random recombination of an electron-hole pair by emission of a photon is called
spontaneous emission (fig. 3.1 (center)). The emitted photon has a random phase and is
emitted into a random direction. This process is considered to be the major noise source
inherent to semiconductor lasers.

Lasing is based on the process of stimulated emission. Here an electron-hole pair
recombines initiated by an already existing photon (fig. 3.1 (right)). This amplification
process creates an additional photon with a frequency, phase, and direction that is
identical to the corresponding properties of the photon that stimulated this process.
The original and the additional photon can not be distinguished from each other and
the corresponding electrical fields add up coherently.

EC

EV

Eg

Figure 3.1.: Radiative transitions within a semiconductor. Solid circles correspond to
an electron and blank circles to a hole. (left) Stimulated carrier generation
by absorption of a photon. (center) Spontaneous recombination by emission
of a photon. (right) Stimulated recombination by emission of a coherent
photon.

Furthermore, non-radiative recombinations of carriers through imperfections and im-
purities of the semiconductor crystal might occur. Since, these carriers are lost to the
lasing process these transitions should be minimized by increasing the purity of the epi-
taxially grown layers. A non-radiative recombination process that can not be avoided is
the Auger process. Here, the energy of a recombination process is released to another
electron which in turn is excited to a higher state. However, in high bandgap materials
like GaAs, the effect of Auger recombination is typically not significant.

3.1.2. p-n Junction and Carrier Confinement

The nomenclature of the axes used throughout this work is depicted in fig. 3.2. The
orientation parallel to the propagation direction of the emitted light is labeled as the
longitudinal axis, the axis perpendicular to the emitted light and parallel to the p-n
junction plane is labeled as the lateral axis, and the axis perpendicular to the p-n junction
plane is referred to as the vertical axis.

Semiconductor laser gain is provided by radiative recombination of electrons from
the conduction band with holes in the valence band. The region that provides gain is
called active region, and it typically consists of a p-n-junction where injected carriers
are permanently recombining.
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Figure 3.2.: Nomenclature of axes used throughout this work with respect to the p-n
junction plane and the direction of light emission.

An efficient recombination, meaning a recombination where the probability of a ra-
diative recombination of the injected carriers is sufficiently high, can only be achieved
with direct band gap semiconductor materials. Typically, these are compound materials
consisting of elements from the third and the fifth column of the periodic table. These
materials are widely known as III-V materials and prominent examples are GaAs, InP,
InGaAs, and InGaAsP.

Vertical carrier confinement can be enforced by a so-called double heterostructure that
enables higher electron and hole densities and thus higher recombination efficiencies. A
double heterostructure forms a trap for carriers in a low band gap material that is
sandwiched between higher band gap n-doped and p-doped layers (see fig. 3.3).

Lateral carrier confinement is typically realized by restricting electrical pumping by a
small electrically conductive stripe and can further be improved by introducing isolating
regions adjacent to the waveguide regions into the semiconductor laser structure for
instance by etching or ion implantation.

If the thickness of the active regions becomes comparable with the De Broglie wave-
length of the electrons, then a quantum well region is generated and the internal efficiency
of the laser can further be increased.

A lattice mismatch between the active region and the waveguide and/or the cladding
layers can be used to adjust the emission wavelength of the gain spectrum, to reduce the
threshold current density, and to increase the efficiency [63].

A band diagram of a forward biased double quantum well double heterostructure
diode laser is presented in fig. 3.3. The injected electrons and holes are trapped by the
potential barrier of the heterostructure and forced to recombine effectively through the
quantum wells.

3.1.3. Semiconductor Laser Structure and Optical Confinement

Optical feedback in longitudinal direction is essential for laser operation and defines the
spectral emission characteristics. In the simplest case optical feedback is provided by the
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Figure 3.3.: Band diagram of a forward biased double quantum well double heterostruc-
ture diode laser. EC = conduction band, EV = valence band, Eg1,g2 = band
gaps of heterostructure materials, and EFC,FV = quasi Fermi levels.

cleaved facets of the semiconductor structure that form a Fabry-Perot resonator so that
a standing wave can develop. However, this type of laser typically supports several lasing
modes and longitudinal multi-mode operation is observed. If single mode operation is
desired, wavelength selective elements need to be introduced (see 3.1.4).

Similar to carrier confinement, optical confinement increases the efficiency as well.
Optical confinement in vertical direction is realized by epitaxial growth of a waveguide
layer sequence. This structure consists of wave-guiding layers above and below the
active region with a refractive index higher than the cladding layers and lower than
the active region. Fortunately, materials with a lower refractive index are typically also
exhibiting a larger band gap. This is an important feature since light is not absorbed
in the surrounding layers. Furthermore, the same materials used to form the double
heterostructure can be used for wave-guiding.

There are two common ways of implementing lateral optical confinement. Gain guided
lasers make use of a refractive index difference in lateral direction introduced by the
pumping process. These laser types are usually used for high-power operation since a
broad area is electrically pumped. Typically, gain guided lasers do not exhibit stable
single-mode operation. For the lasers used within this work stable single mode operation
is essential and gain guiding is hence not appropriate.

In contrast, index guiding allows for a tight lateral confinement of the optical field and
thus enables single lateral mode operation. Low index guiding is typically realized by a
ridge waveguide on top of the layer structure which causes an effective index modulation
within the active- and the waveguide region. Strong index guiding can also be realized,
for instance by regrowth processes.

3.1.4. Frequency Stabilization of Lasers by Bragg Gratings, DFB and DBR
Lasers

A Fabry-Perot type of laser typically supports several longitudinal modes, and mode
discrimination is only introduced by the wavelength dependence of the gain spectrum.
Such lasers exhibit a poor side-mode suppression ratio and wavelength stability. In the
applications relevant to this work it is necessary to guarantee single mode operation at
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a distinct wavelength.

To enforce single longitudinal mode operation, Bragg gratings are typically used in
monolithic semiconductor lasers. A Bragg grating constitutes a wavelength selective
mirror which is realized by introducing a periodic variation of the refractive index into
a transparent structure. If the Bragg condition λ = 2nΛ (normal incidence, λ the
wavelength and Λ the grating period) is fulfilled, e.g. in the case of first order Bragg
gratings by λ/4 layer sequences, large reflectivities can be obtained.

Distributed Feedback Lasers

Stable single mode operation and good tuning characteristics make DFB lasers the most
widely used lasers in optical communication applications.

A schematic of a DFB laser is depicted in fig. 3.4. Optical feedback is distributed over
the entire gain medium by a Bragg grating. The grating is typically implemented into
the epitaxial layer structure by a two-step epitaxy. An exception is described in [64, 65],
where narrow linewidth DFB lasers with surface gratings are fabricated, however, with
an output power limited to a few mW.

V

I(y)

y

grating

active region

L

n1
n2

phase at z = 0
D0

Figure 3.4.: Schematic of a distributed feedback laser. The grating is distributed
throughout the cavity. The position of the facet relative to the grating
∆0,L is illustrated in the upper left.

DFB lasers are commonly described by the coupled mode equations first introduced
by Kogelnik and Shank [66]. They showed that the grating of DFB lasers generates
a stop band at the Bragg wavelength, meaning that light of this wavelength can not
propagate. Instead, the adjacent modes of slightly higher and lower wavelengths oscillate.
The theory of Kogelnik and Shank has later been extended to lasers with equal facet
reflectivities [67] and to arbitrary mirror reflectivities as well as arbitrary facet-grating-
phases [68].

Note, that for anti-reflection coated facets, a λ/4 phase-shift introduced somewhere
in the grating allows the mode in the stop band to oscillate [69, 70]. However, this
is impractical for high-power devices since it is favorable to coat the rear facet with a
higher reflectivity to increase the output power at the front facet.
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3. Semiconductor Laser and Linewidth Theory

A parameter which is typically unknown and uncontrollable is the phase of the grating
at the facet (facet-grating phase as introduced in fig. 3.4). The influence of the facet-
grating phase on the threshold gain is explained in Appendix B. Depending on the
facet-grating phase, DFB lasers with a high reflective coating on the rear facet can
either emit in a stable single mode or theoretically in two modes.

Distributed Bragg Reflector Lasers

Another semiconductor laser type with a monolithically integrated Bragg grating is the
distributed Bragg reflector laser. As can be seen in fig. 3.5 the grating of a DBR laser
is located aside the gain section. Typically, DBR lasers exhibit mode-hops when the
injection current or the device temperature are varied. This is attributed to a thermal
shift of the cavity resonances over the spectral distribution of the grating reflectivity.
However, as will be explained in more detail in 5.3 a DBR laser has several advantages
over a DFB laser and will eventually be favored for the applications relevant to this
work.
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grating

active region

Figure 3.5.: Schematic of a distributed Bragg reflector laser. The grating is located aside
the gain section.

3.1.5. Theoretical Model

In order to calculate the linewidth of DFB and DBR lasers with the same model, the
transfer matrix method is introduced next.

The calculations of the threshold gain, of the detuning from the Bragg condition, and
of the linewidth have been carried out with the in-house software "cme" developed by
Hans Wenzel. The software numerically solves for the characteristic parameters by using
a transfer matrix method.

Following the notation used in the manual of "cme" [71], the transfer matrix of the
forward and backward traveling wave vector of a DBR section including gain is given by
[72, 73]:

M =





cos(γz) − i∆β sin(γz)
γ −iκ sin(γz)

γ

iκ sin(γz)
γ cos(γz) + i∆β sin(γz)

γ



 (3.1)

with z the position along the longitudinal axis of the laser, κ the coupling coefficient,
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γ(z) =
√

(∆β)2 − κ2 (3.2)

and

∆β(z) =
2π

λ0
∆n(z) +

i

2
[g(z) − a0(z)] (3.3)

with λ0 the reference wavelength, ∆n(z) the deviation of the phase index from the
reference index, g the gain, and α0 the internal losses.

This transfer matrix can be used to model a device with several sections by describ-
ing the device transfer matrix by a multiplication of the matrices of all sections. The
boundary conditions at the facets (z = 0, z = L) are given by:

a(0) = r0b(0) (3.4)

and

b(L) = rLa(L) (3.5)

with a and b the intensity of the forward and backward traveling waves and the
amplitude reflection coefficients r0 and rL described by:

r0,L =
√

R0,Le2πiΦ0,L (3.6)

with R0,L the power reflectivity coefficients at the front (later also referred to as Rf )
and rear facet and Φ0 and ΦL the phases of the Bragg grating relative to the facets given
by:

Φ0,L =
2πN

Λ
∆0,L (3.7)

with N the order of the grating and ∆0,L the position of the facet according to fig. 3.4
(upper left).

The total power at a certain position z can be obtained by [74]:

P (z) = |a(z)|2 + |b(z)|2 (3.8)

The total number of photons in the laser mode is described by [74]:

Iphot =
ng

chν

∫ L

0
P (z)dz (3.9)

with ng the group index, c the vacuum speed of light, and hν the photon energy.

Calculation of the linewidth of semiconductor lasers with high precision would involve
much more sophisticated derivations. For instance, input parameters of "cme", like
gain-parameters, internal losses, alpha factor, and spontaneous emission factor are not
only material parameters, instead they also depend on parameters like injection current,
detuning of the gain peak from the Bragg wavelength, and absorption within the grating
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section (DBR laser). Furthermore, a constant carrier density is assumed and the effect
of spatial hole-burning is neglected. However, the evaluation procedure described above
provides reasonably accurate results and provides a description of the linewidth of the
lasers presented here.

The parameters that are used for the simulation of the DFB and DBR lasers used
in this work are given in table 3.1. The coupling coefficient as well as the group index
are obtained by the fitting method described in [75]. Furthermore, no reflection at the
intersection between the gain and the grating section is assumed.

parameter DFB laser DBR laser
gain section / DBR section

coupling coefficient κ 4.5 cm-1 0 cm-1 / 10 cm-1

internal optical loss α0 3 cm-1 3 cm-1 / 3 cm-1

group index ng 3.43 3.7 / 3.7
linewidth enhancement factor α 1.1 2.6 / 2.6
spontaneous emission factor nsp 1.5 2.7 / 2.7

Table 3.1.: Parameters used for linewidth simulations of the DFB- and DBR lasers pre-
sented within this work.
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3.2. Theory of the Linewidth of Semiconductor Lasers

This section provides an introduction to the various noise mechanisms that contribute
to the linewidth of semiconductor lasers.

3.2.1. Schawlow-Townes-Henry Linewidth

The intrinsic spectral linewidth of semiconductor lasers is determined by spontaneous
emission that continuously adds incoherent photons to the laser mode. Each of these
spontaneously emitted photons causes an instantaneous phase change of the optical
field. This effect and its influence on the spectral linewidth has first been described by
Schawlow and Townes in 1958 [58]. Furthermore, Schawlow and Townes stated that the
line-shape of a laser is expected to be Lorentzian and that the linewidth follows a 1/P
dependence.

The first careful linewidth analysis on semiconductor lasers with a Fabry-Perot in-
terferometer and by means of heterodyning with a narrow-linewidth external cavity
semiconductor laser [24] verified the Lorentzian line-shape and the 1/P dependence of
the linewidth. However, the measured linewidth was by about a factor of 50 larger
than theoretically predicted by Schawlow and Townes. In 1982, Henry explained part
of the additional broadening by including delayed relaxation processes due to intensity
fluctuations of spontaneous emission events into the theoretical description [76].

Fig. 3.6 describes the instantaneous influence of a spontaneous emission event on the
phase of an optical field. Several stimulated emission events, with identical phase Φ,
build up an optical field. A spontaneous emission event with its random phase Θ1 alters
the phase of the overall optical field by ∆Φ‘

1. ∆Φ‘
1 can be obtained for small ∆Φ‘

1 by
applying simple trigonometric relations and it follows:

∆Φ‘
1 = I

−1/2
P hot.sin(Θ1) (3.10)

where I is the average total number of photons in the laser mode.

As mentioned before, besides the instantaneous phase change of a spontaneous emis-
sion event, a delayed phase change occurs due to an intensity fluctuation. In order to
describe the relationship between an intensity and a phase fluctuation, Henry introduced
the linewidth enhancement factor (also called "Alpha" or "Henry" factor) [76].

α =
∆n‘

∆n“
(3.11)

with ∆n‘ and ∆n“ the deviation of the real- and the imaginary part of the refractive
index from its steady state value, respectively.

By the use of this factor, an intensity fluctuation due to a spontaneous emission event
can be converted into a corresponding phase fluctuation [76]:

∆Φ“
1 = − α

2IP hot.
(1 + 2I

1/2
P hot.cos(Θ1)) (3.12)
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Figure 3.6.: Instantaneous change of the phase of an optical field by a spontaneous emis-
sion event.

The spectral linewidth can be calculated by the use of equ. 3.10 and 3.12, the rate
equations and by assuming that the phase changes around Φ correspond to a Gaussian
probability as presented in [76, 77].

The linewidth according to Henry is then given by [76]:

∆ν =
Rsp

4πIP hot.
(1 + α2

eff ) (3.13)

where αeff is the effective linewidth enhancement factor including effects of a nonuni-
form intensity distribution within the cavity (an effect not taken into account by Henry)
and Rsp is the rate of spontaneous emission into the lasing mode given by [76]:

Rsp =
nspgc

ng
(3.14)

with nsp the spontaneous emission factor.

3.2.2. Linewidth Broadening Mechanisms

Spontaneous Emission Enhancement Factor

An enhancement of spontaneous emission through a non-uniform field distribution has
first been described for gain guided lasers by Petermann [78] and is described by the spon-
taneous emission enhancement factor K which is also widely known as the Petermann
factor. Later, his theory has been extended to describing the influence of longitudinal
field distributions inherent for open resonators [79, 80].

The spontaneous emission enhancement factor has an influence in all three dimensions
(K = KlateralKverticalKlongitudinal). For index guided semiconductor lasers, however, the
lateral spontaneous emission enhancement factor is typically unity and for all common
waveguide structures the vertical factor is unity as well.
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3.2. Linewidth Theory

Thus, for index guided semiconductor lasers, the spontaneous emission enhancement
factor is only determined by the longitudinal contribution and can therefore be described
by [81]:

K =

∣

∣

∣

∣

∣

∫ L
0 P (z)dz

2
∫ L

0 a(z)b(z)dz

∣

∣

∣

∣

∣

2

(3.15)

By including the spontaneous emission enhancement factor in equ. 3.13 the linewidth
is given by:

∆νsp = K
Rsp

4πIP hot.
(1 + α2

eff ) (3.16)

Equation 3.16 describes the influence of spontaneous emission events on the spectral
linewidth of semiconductor lasers and provides a basis for the theory applied within
this work. The linewidth given by equ. 3.16 will be referred to as the intrinsic spectral
linewidth and the main focus of chapter 5 is to minimize this linewidth.

Longitudinal Spatial Hole Burning

The longitudinal intensity distribution within the laser is not uniform as will be presented
in 3.2.7. In a region with high optical intensity carrier density is depleted due to enhanced
stimulated recombination yielding to a variation of the refractive index. This effect is
known as spatial hole burning and it increases the spectral linewidth of semiconductor
lasers and has widely been studied within the literature [82, 83, 84]. In general, the
longitudinal intensity distribution of DFB lasers, especially with a λ/4-shifted grating,
shows stronger spatial variations than that of DBR lasers. Thus, DBR lasers are typically
less sensitive to longitudinal spatial hole-burning effects.

Longitudinal spatial hole burning is assumed to either be power independent or to
be increasing for higher output power. Within this work, no increase of the intrinsic
linewidth with optical output power has been observed, and therefore the effect of spatial
hole-burning is not considered to significantly contribute to the intrinsic linewidths of
the lasers used in this work.

Additional Effects with Influence on the Spectral Linewidth

Besides longitudinal spatial hole-burning it has been shown that lateral spatial hole
burning can also affect the linewidth of semiconductor lasers [85]. However, this effect
is only significant for laser designs that are not discussed in this work.

Furthermore, it has been shown that internal temperature fluctuations caused by
photon and carrier fluctuations can broaden the linewidth [86].

Noise contributions of weak side modes that increase the linewidth have also been
studied in the literature [87, 88, 83]. In general however, the effect of side mode partition
noise is considered to be negligible if the side-mode suppression ratio exceeds 40 dB. This
is the case for the lasers discussed in this work.
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3. Semiconductor Laser and Linewidth Theory

3.2.3. Technical Noise

Technical noise present in a linewidth measurement is typically caused by injection cur-
rent noise, external temperature noise, or mechanical vibrations. This noise is also known
as 1/f noise since this typically, but not necessarily, describes its spectral distribution.

Injection current noise is caused by instabilities of the current source or by electrical
pick up from the measurement environment. Instabilities of the output of current sources
are mainly caused by noise of the sensing resistor which monitors the injected current.
To some extend current noise can be suppressed by low pass filtering the current source
output, however, injection current noise can not completely be suppressed. For very
narrow linewidth semiconductor lasers this noise dominates the FWHM linewidth as
will be shown in 5. In general, high power current sources tend to exhibit more noise.

Temperature noise (external and internal) and mechanical vibrations are typically of
more importance on larger timescales or for devices with small cavity lengths [89] and
can be reduced by a proper design of the measurement setup, as will be discussed in 4.3.

Technical noise is typically assumed to be independent of the optical output power of
the laser, however, within this work a modest dependence of the technical noise on the
output power is observed which is attributed to the noise characteristics of the current
source.

Due to the 1/f noise characteristics of technical noise its corresponding linewidth
depends on the measurement timescale. In contrast, the intrinsic linewidth determined
by white noise is not related to the measurement timescale.

It should be noted, that it remains uncertain if semiconductor lasers themselves exhibit
a significant amount of 1/f noise and also contribute to the technical noise.

FWHM linewidth

The overall linewidth of a semiconductor laser, referred to as the FWHM linewidth
within this work, is determined by the numerous noise contributions mentioned before.
Within this work we only observe two contributions, namely ∆νsp and ∆νtechnical. These
two contributions dominate the phase- and frequency noise of the lasers considered in
this work. Despite its frequent discussion in literature, longitudinal spatial hole burning
was not observed experimentally in this work.

3.2.4. Re-Broadening of the Linewidth

An effect that has been described in a variety of publications is the so called re-broadening
of the linewidth [90, 41]. This effect refers to an increase of the linewidth with in-
creasing power at high output power levels. In addition to linewidth re-broadening, a
linewidth floor has also been reported: at high output power the linewidth is approach-
ing a constant value rather than decreasing with a 1/P dependence. In the literature,
re-broadening has been described by longitudinal [91, 92] and lateral [85] spatial hole
burning, by carrier fluctuations in the waveguide layers [93], by spontaneous emission
events in confinement layers [94], and by mode partition between the main mode and

32



3.2. Linewidth Theory

weak side modes [95]. However, a theory that reliably reproduces the measured re-
broadening has not been presented up to now.

Within this work, modest re-broadening that is observed is not attributed to the above
mentioned effects, instead it will be attributed to excess current noise of the current
source at high current settings.

3.2.5. Small Signal Response

The effect of current fluctuations onto the linewidth of semiconductor lasers can be
described by the small signal response of the laser meaning the emission frequency fluc-
tuation caused by a current fluctuation.

Low Modulation Frequencies

The emission frequency ν of a semiconductor laser is directly modulated by low frequency
injection current modulations ∆I. According to [96], the ratio of ∆ν/∆I is dominated
by two effects. Firstly, a modulation of the temperature and secondly a modulation of
the carrier density.

For small modulation frequencies, typically < 1 MHz, the value of ∆ν/∆I is deter-
mined by thermal effects, that can be described by [96]:

(

∆ν

∆I

)

thermal
=

dν
dI

∣

∣

∣

ω=0

(1 + iωτT )
(3.17)

with dν
dI

∣

∣

∣

ω=0
denoting the dependence of the emission frequency on the injection cur-

rent under CW operation, ω the modulation frequency, and τT the thermal time constant.

At larger modulation frequencies, the modulation of the carrier density dominates the
value of ∆ν/∆I, given by [96]:

(

∆ν

∆I

)

carrier
= − α

4π

Γ

qdWL

ǫ

1 + ǫNp
(1 + iω/γpp)H(ω) (3.18)

with Γ the confinement factor, q the elementary charge, d the thickness of the active
region, W the width of the active region, ǫ the gain compression factor and NP the
photon density. The definition of γpp can be found in [96] and the modulation transfer
function H(ω) is described by equ. 3.19. For sufficiently small frequencies it holds:
ω/γP P ≈ 0 and H(ω) ≈ 1.

High Modulation Frequencies

For higher current modulation frequencies ω/γP P 6= 0 and the modulation transfer
function is described by [96]:

H(ω) =
ω2

R

ω2
R − ω2 − iωγ

(3.19)
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with ωR the relaxation resonance frequency and γ the damping factor. The frequency
tuning characteristics at high frequencies are obtained by inserting equ. 3.19 in 3.18. A
pronounced increase of ∆ν

∆I close to the relaxation frequency, which is typically located at
a few GHz, is observed. Beyond the relaxation oscillation, the value of ∆ν/∆I decreases
steadily.

3.2.6. Line-shape of Semiconductor Lasers

A convenient approach of deriving the line-shape of the emission spectrum of a semi-
conductor lasers is to add (Langevin) noise sources to the rate equations [97, 98]. For
spontaneous emission, the power spectral density of the frequency noise spectrum is
white, and the optical emission spectrum is Lorentzian (assumptions: amplitude fluctu-
ations are neglected, phase of the optical field has a Gaussian probability distribution,
linear Langevin equations [77]). The line-shape of a semiconductor laser including cur-
rent fluctuations is derived in [99] by adding an additional noise source to the rate
equations. The power spectral density of frequency noise is assumed to be described
by a 1/f characteristic and the corresponding optical emission spectrum has a Gaussian
shape.

In general both noise contributions are present and the corresponding line-shape is
described by a convolution of a Lorentzian and a Gaussian. The frequency noise power
spectral density of a semiconductor laser is therefore expressed by a combination of 1/f
and white noise and is described by:

SF (f) = S0 +
k

f
(3.20)

with S0 and k denoting the amount of white and 1/f noise, respectively.

The convolution of a Lorentzian and a Gaussian profile is called a Voigt profile and
can be described by:

V (f) =

√

ln(2)γ

δ
√

π2π

∫ +∞

−∞

e−
ln(2)∆f2

δ2
1

(γ2

4 + (f − f0 + ∆f)2)
d∆f (3.21)

with γ denoting the FWHM of the Lorentzian, δ the FWHM of the Gaussian, and f
the Fourier frequency.

3.2.7. Simulations

In the following, simulation results carried out by the in-house simulation software "cme"
will be presented to describe the influence of characteristic design parameters on the
power distribution within the cavity and on the intrinsic linewidth. Since "cme" does
not account for nonlinear effects, the power distribution and the linewidth can be linearly
scaled with respect to power.
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3.2. Linewidth Theory

DFB Lasers

Within this work, results of DFB lasers with cavity lengths of 1 and 2 mm will be
compared. Therefore, the presented simulations are restricted to those two cases. As
mentioned before, the unknown parameter that strongly influences the intrinsic linewidth
is the phase of the grating with respect to the facet. The front and the rear facet power
reflectivities of the DFB lasers are assumed to be 0.0001 and 0.95, respectively.

Power distribution The power distribution along the cavity of a 1 and 2 mm long
DFB laser with zero facet-grating-phases and with the parameters given in table 3.1 are
depicted in fig. 3.7 (left) and (right), respectively. The power of the forward and the
backward traveling fields as well as the total power are presented. In this particular case,
the total power distribution within the 1 mm device is rather inhomogeneous whereas
the 2 mm device exhibits an almost flat power distribution. As pointed out earlier, a
homogeneous distribution helps to avoid negative effects, e.g. longitudinal spatial hole
burning.
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Figure 3.7.: Power distribution within a DFB laser with a length of 1 mm (left) and 2 mm
(right). The forward and the backward traveling powers of the light waves
are presented as well as the total power within the cavity. The facet-grating-
phase is zero in any case. All other parameters can be obtained from table
3.1.

The dependence of the total power distribution on the facet-grating-phase of the rear
facet is depicted in fig. 3.8 for a 2 mm device. Even if the output power of all three
simulated devices is identical, the power distribution within the laser varies strongly.
The power integral over the cavity length, and thus the number of photons in the laser
mode, will be largest for the device with a facet-grating-phase of 0.66∗2π and smallest for
0.33 ∗ π. According to eq. 3.16 the power integral directly affects the intrinsic linewidth.

Linewidth The parameters entering equation 3.16 are calculated by "cme" for a 1 mm
DFB laser, an output power at the front facet of 100 mW, and the parameters given in
table 3.1. The influence of the facet-grating-phase on K, Rsp, IP hot., and ∆νsp is depicted
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Figure 3.8.: Power distribution within a DFB laser with a length 2 mm for various facet-
grating-phases at the rear facet. The facet-grating-phase at the front facet
is zero. All other parameters can be obtained from table 3.1.

in 3.9. Variations of the front-facet-grating-phase result in variations of the spectral
linewidth between 60 to 93 kHz. A stronger variation of the linewidth is observed when
the rear facet-grating phase is varied. Here, the linewidth takes values between 50 and
130 kHz. Rsp and K almost simultaneously reach a maximum when IP hot. is minimum
and vice versa.
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Figure 3.9.: Simulations of the influence of the front (left) and rear (right) facet-grating-
phase of a DFB laser on the parameters entering eq. 3.16 and the intrinsic
linewidth. Simulations were carried out with the software "cme" for a DFB
laser with a length of 1 mm, a front facet reflectivity of 0.0001, a rear facet
reflectivity of 0.95, the parameters of table 3.1, and an output power at the
front facet of 100 mW.
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DBR Lasers

Within this work, results of DBR lasers with front facet reflectivities of 1 and 30 % will
be presented. The length of the gain section is 3 mm and the grating section has a length
of 1 mm.

Power distribution The power distribution within a DBR laser for a front facet reflec-
tivity of 1 % and 30 % is depicted in fig. 3.10 (left) and (right), respectively. For Rf =
1 % the total power distribution along the gain section is rather inhomogeneous. The
device with a front facet reflectivity of 30 % shows a nearly homogeneous power distri-
bution within the amplifier section. This is typical for DBR lasers with sufficiently large
front facet reflectivity Rf and is one of the advantages of this laser type. The power
within the DBR section is exponentially decreasing towards the rear facet for Rf = 1
and 30 %.
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Figure 3.10.: Simulations of the power distribution within a DBR laser with a front facet
reflectivity of 1 % (left) and 30 % (right). The forward and the backward
traveling powers of the light waves are given as well as the total power
within the cavity. The length of the gain section is 3 mm, the grating has
a length of 1 mm, and all other parameters can be obtained from table 3.1.

Linewidth The influence of the front facet reflectivity of a DBR laser on the intrinsic
linewidth and the other parameters entering equ. 3.16 is depicted in fig. 3.11 for a
constant output power at the front facet of 100 mW. Rsp is decreasing for higher Rf due
to a decrease of the threshold gain. K is decreasing for higher Rf as well since the effects
of the open resonator are more and more reduced. In contrast the number of photons
in the laser mode increases for higher Rf since the Q-factor increases and the average
photon lifetime is increased. All these effects result in a significant intrinsic linewidth
reduction with increasing Rf .
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Figure 3.11.: Simulations of the parameters entering eq. 3.16 and the intrinsic linewidth
in dependence on the front facet reflectivity of a DBR laser. Length of the
gain section: 3 mm, Length of grating section: 1 mm, optical output power
at front facet: 100 mW, all other parameters can be obtained from table
3.1.

3.2.8. Optical Feedback Effect

The spectral characteristics of semiconductor lasers, like linewidth and mode stability,
can strongly be influenced by external optical feedback. Even though external optical
feedback can be used to improve the characteristics of semiconductor lasers, e.g. in ex-
tended cavity designs [50], spurious optical feedback is considered to be undesirable since
its phase and amplitude are not controlled. Hence, spurious optical feedback typically
causes a laser to be very sensitive to mechanical vibrations and thermal drifts of the
experimental setup. However, in order to give a further insight into the spectral charac-
teristics of a semiconductor laser and to understand the feedback testing measurement
that will be presented in 4.3, a brief introduction is presented here.

The effect of weak optical feedback strongly relies on the phase of the reflected light.
If the distance between the origin of the feedback and the laser is varied on the order
of wavelengths then a sinusoidal variation of the linewidth around the feedback-free
linewidth is observed. The linewidth is reproduced after the origin of the feedback has
been moved by λ/2 (overall round trip length change corresponds to λ then) [100, 81].
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3.3. Importance of the Noise Contributions for Coherent

Optical Communication

This work has been carried out under the background of coherent optical communication.
The influence of technical and intrinsic noise onto the performance of a coherent data
link will therefore exemplary be presented for a differential phase shift keying technique
in the following. A simple derivation of the phase error variance (which is related to the
bit error rate) of a heterodyne differential phase shift keying scheme is readily shown in
the literature [101]. Following this notation the phase error variance is given by:

8

∫ fu

fl

SIF (f)
sin2 πf

B

f2
df (3.22)

We assume a lower cutoff frequency fl of 100 kHz (the frequencies of interest are well
beyond at several GHz) and an upper cutoff frequency fu of 2/T . B is the bit rate and
SIF is given by equ. 3.20 under the assumption that the local oscillator has an identical
noise behavior than the transmitter laser. The amount of 1/f noise k is assumed to be 5.8
1011 Hz2 which corresponds to a technical linewidth in the MHz range. This corresponds
to several times the technical noise we encounter in our measurements. However, only
at this or larger noise levels technical noise affects the phase error variance.

The dependence of the phase error variance on the intrinsic spectral laser linewidth is
depicted in fig. 3.12 for various bit rates. The area on the left/top side of the green dashed
line indicates the range where the 1/f-noise limits the performance of the data link,
whereas for the area on the right/bottom side the white noise component is dominant.
The targeted bit rates of coherent optical communication in space are approximately
1-10 GBit/s. Here the quality of the data link is only significantly influenced by the 1/f
noise if the intrinsic linewidth is well below 10 kHz.
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Figure 3.12.: Phase-error variance of an DPSK coherent data link as it depends on the
intrinsic linewidth for various bit rates.
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In conclusion, a high bit rate data link will in general be limited by the white noise
component rather than the 1/f-noise. That means, that the laser design should primarily
focus on reducing white noise rather than reducing technical noise.
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3.4. Master Oscillator Power Amplifier

3.4. Master Oscillator Power Amplifier

For many applications, as for instance for coherent optical communication in space, an
output power of 1 W or more is required. A stable single mode operation of a solitary
semiconductor laser requires a tight confinement of the optical wave in the lateral as
well as in the vertical axis. At high power operation, this tight confinement could induce
power densities within the resonator and on the facets which exceed the damage thresh-
old so that catastrophical optical damage (COD) would occur [102]. Furthermore, the
spectral stability and the side mode suppression ratio of semiconductor lasers typically
decreases at high output power and the linewidth increases due to spatial hole burning
[39]. Furthermore, in order to provide an output power beyond the 1 Watt level, soli-
tary semiconductor lasers require a current source that provides high injection currents.
High power current sources, however, exhibit a noise level that exceeds the noise level
of low power current sources. Up to date solitary semiconductor lasers do not provide a
reliable, stable single-mode narrow-linewidth operation at such power levels.

In the following the concept of a master oscillator power amplifier (MOPA) is intro-
duced in order to overcome the drawbacks of the solitary approach.

3.4.1. Principle Setup

MOPA concepts are widely used in order to amplify the emission of a "low" power
oscillator with certain features like narrow linewidth or stable single-mode operation. A
schematic of a hybrid MOPA concept is depicted in fig. 3.13. The emission of a master
oscillator is coupled into a power amplifier by lenses. Ideally, the power amplifier boost
the output power without modifying the spectral and spatial properties of the master
oscillator.

master

oscillator lenses
power

amplifier

Figure 3.13.: Schematic of a hybrid master oscillator power amplifier concept.

In principle, a MOPA can either be realized monolithically or in a hybrid setup (as
depicted in fig. 3.13). The monolithic approach offers a maximum of compactness, me-
chanical stability, and precision of alignment. However, coupling of spontaneous emission
from the amplifier section to the oscillator can dramatically increase the linewidth [103]
and optical feedback from subsequent optics or the facets of the amplifier might alter the
linewidth or decrease the spectral stability of such a system. Furthermore, a monolithic
MOPA module is generally very sensitive to optical feedback from the measurement en-
vironment since any light that is reflected from the measurement setup and reenters the
amplifier will be amplified before reaching the oscillator again.

In a hybrid bench-top system, optical feedback effects can be suppressed by placing an
optical isolator between the oscillator and the amplifier [31, 104]. However, a bench-top
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system increases the size and weight and decreases the mechanical stability.
The aim of this work was to develop a micro-integrated MOPA system that combines

all advantages of a bench-top system but keeps the advantages of monolithic systems
as much as possible. By using individual master oscillator and power amplifier chips
as well as a micro-isolator it combines small size and low weight with narrow linewidth
emission.
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Measurement Setup

The resolution required to characterize the linewidths of the lasers discussed in this
work is by several orders of magnitude larger than the resolution of any commercially
available optical spectrum analyzer. Hence, within this work, it was necessary to develop
a measurement setup that provides the required resolution. Thus, a heterodyne as well
as a self-delayed heterodyne linewidth measurement setup was implemented which will
be presented in the following. Further, unlike optical spectrum analyzers, heterodyne
measurement techniques are capable of delivering frequency noise power spectral density
information that can be used to deduce the intrinsic laser linewidth.

4.1. Basic Characterization

4.1.1. Power-Current-Voltage Characteristics

The output power in dependence of the injection current is measured by injecting the
emitted field into an integrating sphere and measuring the power with a photo-detector
at the sphere. The photo current of the photo-detector is recorded with a multimeter.
The output power as measured at the maximum applied current by a power-meter is
used to scale the recorded photo currents to the actual output power.

The bias voltage is measured by an oscilloscope at the contacts of the laser mount.
Note, that this means that the small voltage drops across the contacts and the bonding
wires are included as well.

4.1.2. Basic Characterization of the Spectral Properties by Means of an
Optical Spectrum Analyzer

The basic working principle of a diffraction grating based optical spectrum analyzer is
depicted in fig. 4.1. The incoming light is diffracted by a grating and the optical spectrum
is spatially separated. An aperture is used to cut out a fraction of the spectrum and a
photo-detector is used to determine the power corresponding to this spectral bandwidth.
The angular position of the grating or the spatial location of the aperture determines
the analyzed wavelength.

The resolution of an optical spectrum analyzer is determined by the size of the aper-
ture, the number of grating lines illuminated, and the quality of the optical components.
State of the art optical spectrum analyzers feature resolutions of 10 pm or even slightly
below, however, the resolution is not sufficient to resolve the linewidth of a single-mode
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semiconductor laser. Even if optical spectrum analyzers can not be used to resolve the
linewidth of a single-mode laser, they are important for the characterization of an optical
spectrum over a wider wavelength range, e.g. to detect side modes.

The optical spectra of the lasers that have been characterized within this work have
been measured with the optical spectrum analyzer Q8384 (Advantest). This spectrum
analyzer features a resolution of 10 pm and a dynamic range of 50 dB at an offset of
0.1 nm. Measurements have been performed by coupling light into a single mode fiber
which is the required input for the Q8384.

It should be noted, that since a single mode fiber works as a spatial mode filter, the
coupling efficiencies of the laser mode and of the amplified spontaneous emission (ASE)
are typically different. Usually, the laser mode is coupled with higher efficiency so that
the ASE background power spectral density may be underestimated in a measurement.

photo-

detector

aperture

incoming light

grating

Figure 4.1.: Schematic of a grating-based optical spectrum analyzer.

4.1.3. Measurement of the Emission Wavelength by Means of a Wavemeter

Measurements of the emission wavelength or frequency have been performed by a waveme-
ter WS/7-USB (HF-Angstrom). The wavemeter uses a combination of two Fizeau in-
terferometers for an exact wavelength measurement. A Fizeau interferometer consists of
two plane reflectors which are slightly tilted with respect to each other. The interference
pattern that is generated by illumination of the Fizeau interferometer by a collimated
beam is recorded by a CCD (charge-coupled device) array. The emission wavelength can
precisely be extracted by analysis of this pattern.

The WS/7 has a specified resolution of 10 MHz which is sufficient for long term (min-
utes up to hours) frequency stability measurements of the laser sources presented within
this work.
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4.2. Narrow Linewidth Measurement Techniques

Fabry-Perot interferometers and beat note measurements are the two most common high
resolution narrow linewidth measurement techniques. We decided to use a beat note
measurement setup with a smart evaluation procedure for linewidth characterization as
will be presented in the following.

4.2.1. Fabry-Perot Interferometers

A common way of measuring the line-shape of lasers with high resolution is based on
a Fabry-Perot interferometer. The most common type of a spherical Fabry Perot is a
confocal Fabry Perot where the mirror distance equals the radius of curvature of the
mirrors.

Theoretically, the resolution is only limited by the mirror reflectivities and the cavity
length. Experimentally, the maximum obtainable reflectivity depends on the number of
coating layers and the maximum length depends on the setup and the available space.
A length of 1 m and a reflectivity of 99.999% would result in a Fabry-Perot linewidth of
50 kHz. However, in a real experiment such small linewidths are not easily obtained since
the optical length of the cavity fluctuates due to mechanical vibrations and convection.
Further, a sweep of the Fabry-Perot cavity resonance with a piezo-electric transducer
is not completely linear and the alternative approach of sweeping the emission wave-
length of the laser itself may also not be appropriate if the laser is not to be frequency
modulated. It has been shown that resonators with extremely narrow linewidths can
be realized if the optical cavity length is actively stabilized. However, these setups are
rather complicated and challenging to be realized.

Fabry-Perot interferometers with a linewidth in the MHz range can, however, easily be
realized, and in contrast to a beat note measurement setup, spectral distributions (e.g.
existence of side-modes) can be recorded. This is useful, for example, for verifying that
a laser runs in a single longitudinal mode in cases where the mode spacing lies below
the resolution limit of grating based optical spectrum analyzer.

4.2.2. Beat Note Linewidth Measurements

The most common way of characterizing the linewidth of narrow linewidth lasers is a
beat note setup which will be described in the following.

Beat Note Signals

A beat note signal is generated by superimposing two optical, nonorthogonal fields with
identical polarization onto a photo detector. The center frequency of the beat note signal
corresponds to the frequency difference of the optical signals. Mathematically this can
be expressed as follows:

The real part of a quasi-monochromatic optical field can be described in the form:

E(t) = E0cos [ωt + Φ(t)] (4.1)
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with E0 amplitude, ω0 angular frequency, and Φ(t) phase of the optical field.

The current i(t) generated by a photo-detector is proportional to the square of the sum
of the optical input fields times the responsivity of the detector, η. The superimposition
of two optical fields (E1 and E2) onto a photo-detector therefore yields:

i(t) = η [E1(t) + E2(t)]2 (4.2)

By inserting equ. 4.1 in 4.2, and ignoring terms in the photo-current that oscillate at
optical rather than RF frequencies, we obtain for the photo-current:

i(t) = η

{

E2
01

2
+

E2
02

2
+ E01E02cos [(ω1 − ω2)t + Φ1(t) − Φ2(t)]

}

(4.3)

where the relation cos(x)cos(y) = 0.5(cos(x − y) + cos(x + y)) is used.

The signal consists of a DC- and an AC part where the DC part can be filtered out
by a high-pass filter.

Fig. 4.2 graphically illustrates the generation of a beat note spectrum. In this example,
an optical field with a frequency of 283 THz (4.2 (bottom, black), roughly corresponding
to 1064 nm) is superimposed with a field with a frequency of 233 THz (4.2 (bottom, red))
and a beat note signal is generated (4.2 (top)). The beat note signal is located at 50 THz
in this example, however, for a real measurement a much smaller beat note frequency will
be used in order to detect and analyze the beat note signal with commercially available
RF-equipment.

A beat note signal is generally obtained by a heterodyne or a self-delayed heterodyne
technique. The two principles are described in the following.

Heterodyne Setup

The beat note signal within a heterodyne setup is generated by superimposing two in-
dependent and therefore mutually incoherent lasers onto a photo-detector. The use of
two incoherent lasers provides a virtually unlimited resolution (only limited by the reso-
lution of the RF spectrum analyzer). However, the beat note frequency is permanently
drifting since the injection current and the temperature of the lasers are fluctuating and
so does the emission frequency. This drift complicates the analysis of the beat note
signal and should be reduced by good mechanical, thermal, and electrical stability of the
measurement setup.

The beat note line-shape corresponds to a convolution of the line-shapes of the two
optical spectra. In order to correctly deconvolute the beat note spectrum, two nominal
identical lasers, a reference laser with a much narrower linewidth than the device under
test (DUT), or a reference laser with a known line-shape are required.

Within this work, two nominal identical lasers are used to perform heterodyne beat
note measurements since no appropriate reference laser is available within the required
wavelength range.

A schematic of the heterodyne measurement setup developed within this work is de-
picted in fig. 4.3. If not stated otherwise, all solitary semiconductor lasers, including the
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Figure 4.2.: (bottom) Electrical field strengths of two optical fields with frequencies of
283 (red) and 233 THz (black), zero phases, and unity amplitude. (top)
Output current of a photo-detector without (blue) and with (green) the
signal optical frequencies removed.

oscillators in a master oscillator power amplifier setup, are electrically pumped by the
commercially available low noise current source LDC-3724C (ILX Lightwave) followed
by the low pass filter LNF-320 (ILX Lightwave). The amplifiers of the MOPA setup
are pumped by the LDC-3744C current source also followed by the low pass filter LND-
320. Both lasers are collimated and guided through two-stage Faraday optical isolators
with an isolation of 60 dB each (FI-1040-TI, Linos) in order to suppress optical feedback
from the measurement setup. The two beams are superimposed within a fiber coupler
(AKRA-Y11-502V03Y-002, FOC) and the beat note signal is generated by a fast photo-
detector (NFO-1554-B, New Focus). The second output of the fiber coupler can be used
to monitor the optical spectrum, the output power, or the emission wavelength.
If not stated otherwise, a RF spectrum analyzer (FSV, Rohde & Schwarz) is used
for acquisition and evaluation of the signal. For some measurements an oscilloscope
(DSO90254A, Agilent) is also used to record the beat note signal in the time domain.
Matching of the emission frequencies, that is required to obtain a beat note signal within
the bandwidth of the RF equipment, is realized by adjusting the laser temperature and
thus the emission frequency. In most cases only slight temperature deviations from
the desired working temperature of less than 1 K are required. Such small temperature
changes are marginal and do not affect linewidth characteristics.
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Figure 4.3.: Heterodyne linewidth measurement setup. The beams of two nominal iden-
tical lasers are superimposed within a fiber coupler and the beat note signal
is generated by a photo-detector.

Heterodyne Setup with Locking Scheme

As mentioned before, a drawback of the heterodyne technique is the drift of the beat note
signal. This drift makes averaging of the signal, required to obtain a smooth spectral
distribution, challenging and further complicates the recording of frequency noise spectra
because the drift within the measurement time may be too large to provide reasonable
results.

Providing the large resolution of the heterodyne setup and simultaneously avoid drift-
ing of the beat note frequency can be realized by implementing a “weak” frequency
locking scheme between the lasers. The schematic of the “weak” lock is depicted in
fig. 4.4. The linewidth measurement setup is identical to the one described in the pre-
vious paragraph. A fraction of the output signal of the photo-detector is used for the
implementation of a servo loop. Within the loop, the beat note signal is initially am-
plified in order to meet the power requirements of the frequency to voltage converter
(described in more detail in [105]) and to suppress interference caused by an electrical
impedance mismatch. A band pass filter with a -3 dB bandwidth of 50-70 MHz is used
to suppress any second harmonics (e. g. from the beat note signal itself or from the
amplifier) or other noise contributions. If the frequency of the beat note signal is within
the filter bandwidth, then the frequency to voltage converter generates a voltage corre-
sponding to the beat note frequency. Locking electronics, that are basically working as
an integrator, generate a negative feedback signal which is fed into the modulation port
of one of the current sources. The locking electronics are provided by the group "AG
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Optische Metrologie" of the "Humboldt Universität zu Berlin" [106]. The additional
transformers and low pass filters are required to suppress electrical feedback or other
noise which might influence the measurement.
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Figure 4.4.: Heterodyne linewidth measurement setup with a “weak” locking scheme in
order to keep the beat note frequency fixed and thus allow frequency noise
measurements

The bandwidth of the lock is mainly determined by the low pass filter (LNF-320)
that follows the current source. A closed loop servo bandwidth analysis performed
with the network analyzer 4395A (Agilent) is used to determine the bandwidth of the
locking scheme. This analysis yields the amplitude of the scattering parameter S21 of the
measurement setup as identified in fig. 4.4. The -3 dB bandwidth is 6 kHz as obtained
from fig. 4.5. The bandwidth of the lock further determines the measurement integration
time, which roughly corresponds to 170 µs.
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Figure 4.5.: Scattering parameter S21 of the heterodyne linewidth measurement setup
with a "weak" lock as measured by a closed loop servo bandwidth analysis.

If not stated otherwise, the heterodyne measurement technique with the “weak” lock
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was used to analyze the linewidth of the lasers presented within this work.

Self-Delayed Heterodyne Setup

Another common way of obtaining a beat note signal is a self-delayed heterodyne (SDH)
measurement setup. Here a second incoherent laser is virtually “generated” by delaying
a fraction of the optical field by a time that is longer than the coherence time of the
laser. The delay is usually implemented by a long fiber and its length determines the
resolution of this measurement technique as will be explained later.

Although the resolution of this measurement technique is limited, there are still some
advantages over the heterodyne technique. Firstly, measurements can be performed
faster since there is no need to match the emission frequencies of two lasers. This is
advantageous especially when numerous working points or a large number of devices are
investigated. Secondly, linewidth measurements of a single laser source can be performed.
This is an important feature for the characterization of lasers that are spectrally unstable
(in time or in dependence of the injection current), when mode-hops occur too often, if
the temperature dependence of the linewidth is of interest, or simply if only one device
is available.

The resolution of a self-delayed-heterodyne measurement setup is limited by the high-
pass filter characteristics of the "delayed" interferometer. Slow frequency drifts are can-
celed out and the resolution is determined by the optical length of the delay line. A sharp
resolution limit can not be given, rather there is a smooth transition between linewidths
that are large enough to be directly resolved and linewidths that are too small to be
resolved without applying further mathematics. However, a rough linewidth resolution
limit ∆νSDH,limit is given by the inverse of the time delay tSDH,delay.

∆νSDH,limit =
1

tSDH,delay
=

c

nSDH,delaylineLSDH,delayline
(4.4)

with nSDH,delayline and LSDH,delayline the refractive index and the length of the delay
line, respectively.

A schematic of the self-delayed heterodyne measurement setup developed within this
work is depicted in fig. 4.6. Electrical pumping and optical isolation are implemented
as in the heterodyne setup. The beam is coupled into a single mode fiber in order to
allow for the realization of a modular measurement setup explained in more detail in 4.3.
The beam is split into two parts at a beam splitter. One output of the beam splitter
is guided through an acousto optical modulator (abbr. AOM, type: A TM-804DA2B)
which frequency shifts and deflects a portion of the incoming light by 78 MHz and an
angle of a few degrees, respectively. The frequency shifted light is delayed by a long fiber
before it is superimposed in a fiber-based beam combiner with the light from the second
output of the beam splitter. The delay line has a length of 2000 m and a refractive index
of 1.5 resulting in a resolution of 100 kHz. The generation of the beat note signal and
the evaluation are carried out similarly to the heterodyne setup.
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Figure 4.6.: Self-delayed heterodyne linewidth measurement setup. The emission of a
single laser is superimposed with an incoherent and frequency shifted version
of itself. The frequency shift is introduced by an acousto optical modulator
and the incoherence is obtained by sending the beam through a sufficiently
long delay line.

Laser Line-Shape within a Beat Note Measurement

As mentioned in chapter 3 there are two major contributions to the linewidth of semi-
conductor lasers. One is intrinsic noise which is caused by spontaneous emission events
(white noise) and the other one is technical noise caused by noise contributions of the
measurement setup (1/f noise). Therefore, the frequency noise spectrum SF (f) of a
semiconductor laser can be described by the sum of a white- (S0) and a 1/f -noise
contribution (k/f) as described by equ. 3.20.

In a heterodyne linewidth measurement the line-shape of the beat note spectrum is
simply described by the convolution of the two optical spectra.

The beat-note line-shape of a self-delayed heterodyne measurement can be obtained
as presented in [107, 101, 108]. By following the derivation in [108], the autocorrelation
function of a superposition of an electrical field with a time delayed and frequency shifted
version of itself onto a photo detector is given by:

G(τ) = cos(Ωτ)exp

{

−4

∫

∞

0
SF (f)

sin2πfτ

f2
(1 − cos2πfτd)df

}

(4.5)

where constant factors are neglected. Ω is the mean frequency difference and τd the
time delay between the two fields.

The Wiener-Khinchin theorem states, that the power spectral density of a stationary
random process is the Fourier transform of the corresponding autocorrelation function.
Therefore inserting equ. 3.20 in 4.5 and taking the Fourier transform gives the power
spectral density of the beat note signal of a self-delayed-heterodyne measurement.
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S(f) = F

[

cos(Ωτ)exp

{

−4

∫

∞

0
(S0 +

k

|f |)
sin2πfτ

f2
(1 − cos2πfτd)df

}]

(4.6)

In general, equ. 4.6 can only be solved numerically, except for the case when only
white noise is present meaning k is set to zero. Simulated RF beat note spectra of a
SDH linewidth measurement with τd = 10-5 s (corresponding to a fiber delay length of
2000 m) for various intrinsic linewidths are depicted in fig. 4.7 (delta peaks at Ω and
at DC are neglected). While a pure Lorentzian is observed as long as the linewidth is
larger or equal compared to the delay time, significant modulations of the spectrum are
observed for smaller linewidths.
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Figure 4.7.: Power spectral density of the beat note signal of a self-delayed heterodyne
linewidth measurement for various intrinsic linewidths (Ω = 80 MHz, S0 =
2π∆νint, k = 0, τd = 10−5 s).

The modulations that occur in the simulations were not observed within this work,
even for FWHM linewidths slightly smaller than the resolution limit of 100 kHz. This is
attributed to the fact that the resolution limit given in equ. 4.4 can only be considered
to be an estimate. However, the theoretically expected modulations of the beat note
spectrum were observed for ECDL lasers [109] with this setup.

4.2.3. Analysis of the Beat Note Spectrum

A beat note signal can be analyzed in two ways. Firstly, the beat note signal can be
recorded in the time domain for instance by an oscilloscope and then be converted to the
frequency domain by further mathematical steps. Secondly, the frequency domain signal
can directly be recorded by a RF spectrum analyzer. In the following both methods are
described and compared.

52



4.2. Narrow Linewidth Measurement Techniques

It should be noted, that if various modes contribute to the beat note signal, then the
beat note signal of all these modes will simultaneously be present in the RF beat note
spectrum. Meaningful measurement results are therefore only obtained for lasers with
sufficiently high side-mode suppression ratios.

Beat Note Signal Analysis with an Oscilloscope

The measurement with an oscilloscope offers the advantage of recording the signal in
the time domain and thus of storing the full information within the recorded bandwidth.
This measurement procedure therefore allows the subsequent application of different
evaluation methods. For instance it is possible to vary the measurement time, to obtain
the intensity noise, or to obtain the DC level of the beat note signal. Furthermore, a
frequency drift of the beat-note signal can mathematically be obtained and subtracted.
However, the sensitivity of an oscilloscope is typically lower than of a RF spectrum
analyzer which results in a higher noise floor. Further, the amount of data generated in
a single measurement can easily correspond to a few Gigabyte.

An example of a time domain record of a beat note signal can be seen in fig. 4.8 (in
this example: total record time: 5 ms, sampling frequency: 400 MHz). The entire record
resembles a black band as can be seen in the background of fig. 4.8. The time series on
a shorter time scale is depicted in the inset of fig. 4.8. The sinusoidal characteristic of
the beat note is clearly recognized and emphasized by a fit of a sinusoidal to the data.

Figure 4.8.: Time domain record of a beat note measurement as obtained by an oscillo-
scope. background: Entire record over 5 ms. inset: Record over 120 ns and
a corresponding sinusoidal fit.

The sampling frequency defines the bandwidth that can be analyzed. According to
the Nyquist-Shannon theorem the sampling frequency must be at least twice as large
as the maximum frequency that needs to be observed. Furthermore, a low pass filter,
with a cut-off frequency slightly larger than the frequencies of interest, following the
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photo-detector should be used in order to avoid aliasing effects.

The time record is sliced into bins, typically with time durations of 100 µs. The
reciprocal value of the measurement time for each bin defines the spectral resolution
and its value needs to be carefully chosen. A long measurement time provides high
resolution, however, with the drawback, that the beat note signal shifts strongly within
a measurement period and thus the measured linewidth increases. On the other hand a
measurement time that is too short does not provide a sufficient spectral resolution.

The spectrum of each bin is obtained by a Fast Fourier Transform. In the case of a
free-running heterodyne linewidth measurement each spectrum can be frequency shifted
in a way, that the "centers of the RF power spectrum" are located at the same frequency.
This procedure eliminates slow frequency drifts which are mainly caused by temperature
fluctuations of the laser mount. All of the single spectra are finally averaged in order to
reduce the statistic uncertainty of the measurement. An automated evaluation program
has been written in "labview" that performs the above mentioned steps and provides
the power spectral density of the input signal. A spectrum which is obtained by this
procedure is depicted in fig. 4.9 (black).

Beat Note Signal Analysis with a RF Spectrum Analyzer

RF spectrum analyzers provide a number of tools to characterize the spectral behavior
of a signal so that no further data processing is necessary. Furthermore, the sensitivity
is typically larger than that of an oscilloscope. However, a subsequent variation of the
evaluation procedure is not possible once the spectral data has been recorded since the
time domain data can not be reconstructed.

The resolution bandwidth and the video bandwidth of a spectrum analyzer based
linewidth measurement should be much smaller than the FWHM linewidth of the laser.
All RF beat note measurements presented are obtained with a resolution bandwidth
and a video bandwidth of 10 kHz. The maximum measurement time of a self-delayed
heterodyne measurement is determined by the length of the delay line and in a "locked"
heterodyne measurement by the bandwidth of the lock.

A spectrum of the beat note signal as obtained by a RF spectrum analyzer is shown
in fig. 4.9 (red). The spectrum of the same signal obtained with the spectrum analyzer
coincides with the spectrum obtained by the oscilloscope.

Extraction of the Intrinsic Linewidth by a Fitting Procedure

The FWHM linewidth of the beat note signal is obtained from the beat note spectrum
directly as illustrated in the inset of fig. 4.9.

However, as described in 3.3, the determination of the white noise contribution de-
scribed by the intrinsic linewidth is of more importance for high bit-rate coherent optical
communication links.

Lorentzian and Gaussian fits to the beat note spectrum can be used to separate tech-
nical from intrinsic noise. Both fits are depicted in fig. 4.9. Neither the Lorentzian fit
nor the Gaussian fit resembles the entire spectrum adequately. However, the Lorentzian
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fit gives a good approximation of the wings of the spectrum whereas the Gaussian fit
gives more appropriate results close to the center.

As explained in 3.2.6 the line-shape of a semiconductor laser can approximately be
described by a Voigt profile as given by equ. 3.21.

A Voigt fit to the beat note spectrum is illustrated in fig. 4.9. Since we are in particular
interested in the white noise contribution we weight the squared residuals by the inverse
square of the signal value in order to ensure that especially the wings of the spectrum
are adequately fitted by a least-squares fitting procedure. However, as can be seen in
fig. 4.9 the fit does not match the shape of the wings exactly. This is attributed to the
fact, that the center is not exactly described by a Gaussian profile since the technical
noise is not exactly described by a 1/f spectrum. This deviation of the fit from the
measurement results in a systematic error for the intrinsic linewidth, which is the larger
the smaller the intrinsic linewidth is with respect to the FWHM linewidth.
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Figure 4.9.: RF spectra of a beat note signal obtained by an oscilloscope and by a RF
spectrum analyzer and the corresponding Voigt, Lorentzian, and Gaussian
fits. The two measured spectra are almost identical whereas the Voigt fit
slightly differs from the experimentally obtained plot. The Lorentzian and
the Gaussian plots do not adequately describe the measured spectrum. The
inset shows the RF beat note spectrum on a linear scale and illustrates ∆νV .

Extraction of the Intrinsic Linewidth by a Frequency Noise Spectrum

As will be shown in the following, the extraction of the intrinsic linewidth from a fre-
quency noise spectrum rather than from a fit of the line-shape to the RF spectrum
overcomes the drawbacks of the fitting procedure.

Even though both, phase noise and frequency noise spectra, provide a detailed analy-
sis of the phase noise characteristics of lasers, only few publications on narrow linewidth
semiconductor lasers include phase noise measurements. However, the relation between
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phase noise spectra and spectral linewidth has systematically been studied within the re-
search field of electrical oscillators [110, 111, 112]. Therefore, in the following, definitions
and methods are adopted from the classical oscillator theory.

The different definitions of phase noise given in the literature are not consistent. There
are at least two different definitions. One defines phase noise as the power spectral
density of the instantaneous phase [113] and another as the ratio between noise power
and total signal power [114]. Both definitions lead to similar results at large carrier offset
frequencies, however, at frequencies close to the carrier the results differ with respect to
each other [115].

We use the latter definition of phase noise since we are in particular interested in phase
noise far away from the carrier. Furthermore, phase noise spectra according to the latter
definition can easily be obtained since common RF spectrum analyzers determine phase
noise by this definition as well. However, the latter definition does not allow for the
separation of amplitude and phase noise.

The phase noise L(∆f) of a signal is described as the ratio of the noise power S which
is contained in a bandwidth of 1 Hz to the total signal power at a given carrier offset
frequency ∆f from the carrier:

L(∆f) =
S(∆f)

∫

∞

−∞
S(∆f)∆f

(4.7)

A typical phase noise spectrum of a semiconductor laser obtained by a measurement
with a spectrum analyzer according to equ. 4.7 is depicted in 4.10 (left). This definition
results in an erroneous characteristic close to the carrier as can be seen by the flattening
of the spectrum for ∆f < 1 MHz. The 1/f noise corresponds to a 30 dB/decade ((∆f)−3)
roll-off and the white noise to a decrease of 20 dB/decade ((∆f)−2). The 1/f-noise is
observed for small carrier offset frequencies (here: 1 MHz to 4 MHz) and the white noise
for larger offset frequencies (here: 10 MHz to 60ṀHz). For medium offset frequencies
(here: 4 MHz to 10 MHz) both noise contributions can be observed. Furthermore, peaks
at the beat note frequency and at higher order harmonics can also be observed. If the
phase noise decreases with less than 20 dB/decade than the noise floor of the spectrum
analyzer is reached.

The power spectral density of a white noise source is a Lorentzian and is, normalizing
the total signal power to unity, given by:

SLorentzian(f) =
γ

2π(γ2

4 + f2)
(4.8)

with γ denoting the full width at half maximum of the signal power spectrum. Insert-
ing equ. 4.8 in equ. (4.7) yields the phase noise of a white noise source. The first term
of the denominator becomes negligible when ∆f becomes much larger than γ, so that

Lwhite noise(∆f) =
γ

2π(γ2

4 + (∆f)2)

∆f≫γ≈ γ

2π(∆f)2
(4.9)

follows. The phase noise spectrum, exemplified in fig. 4.10 (left), already contains all the
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4.2. Narrow Linewidth Measurement Techniques

information required for evaluation of the phase noise. However, it is hard to identify
the area where white noise is dominating.

Next, the derivation of the intrinsic linewidth from a frequency noise spectrum is
presented.

A frequency noise spectrum is obtained from the phase noise spectrum by multiplying
the latter by (∆f)2 and an example is depicted in fig. 4.10 (right). Especially the
white noise contribution can more easily be observed since it corresponds to a constant
frequency noise floor Fwhitenoise. Equ. 4.9 multiplied by (∆f)2 relates Fwhitenoise to γ as
follows:

γ = 2πFwhite noise (4.10)

The white noise contribution of the signal is obtained by averaging the white noise
floor of the frequency noise spectrum. This is shown in fig. 4.10 (right) where the average
value of the white noise floor between ∆f = 10 and 20 MHz is used to obtain Fwhitenoise.

Please note, that the method of obtaining the white noise floor described above can
also considered to be a sophisticated fitting procedure that maps the Lorentzian wings
in the RF beat note spectrum to a white noise floor in the frequency noise spectrum.
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Figure 4.10.: (left) Measured phase noise of a typical beat note signal in dependence of
the carrier offset frequency. (right) Corresponding frequency noise spec-
trum.

The frequency noise spectra obtained within this work are obtained with a RF spec-
trum analyzer (FSV, Rohde & Schwarz) using the corresponding phase noise tool (FSV-
K40, Rohde & Schwarz). The resolution bandwidth is set to smaller than 0.3% of the
carrier offset frequency. 200 spectra were used for averaging.

Deconvolution of the beat note signal

In the following a procedure of obtaining the FWHM linewidth and the intrinsic linewidth
of a single laser from the RF beat note spectrum will be presented.

In order to obtain the linewidths of a single laser we assume that the beat note spec-
trum is strictly a convolution of two Voigt profiles (V ). The Voigt profiles themselves
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4. Measurement Technique and Measurement Setup

consist of a convolution of a Lorentzian (L) and a Gaussian (G). This and the commu-
tativity and the associativity of a convolution allows to write:

V ∗ V = (L ∗ G) ∗ (L ∗ G) = L ∗ (G ∗ L) ∗ G = L ∗ (L ∗ G) ∗ G = (L ∗ L) ∗ (G ∗ G) (4.11)

Since the linewidth of a convolution of two identical Lorentzian profiles is twice the
linewidth of one Lorentzian, the Lorentzian linewidth of the beat note spectrum or
the intrinsic linewidth obtained from a frequency noise spectrum needs to be divided
by a factor of 2 to obtain the intrinsic linewidth of a single laser. This assumes a
heterodyne linewidth measurement with two identical lasers or a self-delayed heterodyne
measurement.

To obtain the FWHM linewidth of a single laser, the relation

∆νV =
1.0692∆νL +

√

0.866639∆ν2
L + 4∆ν2

G

2
, (4.12)

which describes the relationship between the Voigt linewidth ∆νV , the corresponding
Lorentzian linewidth ∆νL, and the Gaussian linewidth ∆νG is used [108].

First, ∆νV is set to the FWHM linewidth obtained directly from the RF spectrum
(as illustrated in the inset of fig. 4.9) and ∆νL is set to γ (as calculated by equ. 4.10
with Fwhitenoise obtained as illustrated in fig. 4.10 (right)). These ∆νV and ∆νL values
are used to calculate ∆νG of the beat note spectrum by the use of equ. 4.12. ∆νG can
be thought of as the technical linewidth of the beat note spectrum, however, strictly
speaking it is only a fictitious parameter. ∆νG is divided by 20.5, since the linewidth of a
convolution of two Gaussian profiles is 20.5 times the linewidth of a single Gaussian, and
the Lorentzian linewidth is divided by 2 (as explained earlier) to obtain the linewidths
of a single laser. By using these values the FWHM linewidth of a single laser is obtained
by applying equ. (4.12) again.

Summary of Linewidth Measurement Techniques

A comparison of the linewidths obtained from the RF spectrum directly by a fitting
procedure (by an oscilloscope and a RF spectrum analyzer) and results obtained by
frequency noise spectra are depicted in fig. 4.11. The FWHM linewidths and the intrinsic
linewidths obtained by the fitting procedure are almost identical.

The intrinsic linewidth determined by the frequency noise analysis, however, is roughly
by a factor of 1.5 smaller than those obtained by the fit. This deviation is attributed
to systematic errors of the fitting procedure e.g. by assuming technical noise to strictly
be 1/f type of noise. We thus conclude, that the results obtained by frequency noise
spectra exhibit the smallest error.

If not stated otherwise, all linewidth measurements in this work were carried out with
the spectrum analyzer FSV. The FWHM beat-note linewidth was directly obtained
by the RF spectrum and the intrinsic linewidth was derived from the frequency noise
spectrum. All linewidths presented in this work correspond to the linewidth of a single
laser and are derived from the beat note linewidths as described in 4.2.3.
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Figure 4.11.: Linewidths obtained by various evaluation procedures. The FWHM
linewidth as obtained from a time domain signal and a conversion to the
frequency domain by a Fourier transform is almost identical to the measure-
ment with a RF spectrum analyzer. In contrast, the intrinsic linewidths
obtained by a fitting procedure differ from those obtained by a frequency
noise measurement.

In a linewidth measurement the mean standard deviation for data taken with the same
device typically corresponds to 5% for the FWHM linewidth and to less than 2% for the
intrinsic linewidth.

Influence of Technical Noise

The importance of separating intrinsic from technical noise can be observed in fig. 4.12.
RF beat note and frequency noise spectra of a linewidth measurement including the
low noise filter (LNF-320, ILX Ligthwave) following the current source is compared to a
spectrum measured without the filter. The FWHM linewidth and the central part of the
beat note spectrum are significantly broadened (here, by a factor of 3.5) when the low
noise filter is omitted, whereas the white noise floor remains unchanged. This underlines
the need for separating technical from intrinsic frequency noise in order to assess the
spectral performance of a laser rather than of the measurement environment.
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Figure 4.12.: Influence of technical noise on the spectral linewidth illustrated by compar-
ing the noise characteristics with and without the low noise filter following
the current driver (LNF-320). (left) RF beat note spectrum. (right) Fre-
quency noise spectrum
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4.3. Linewidth Measurement Setup

4.3. Linewidth Measurement Setup

The opto-mechanical setup was jointly designed and set up with Max Schiemangk ("AG
Optische Metrologie, Humboldt Universität zu Berlin"). A photograph of the entire
opto-mechanical part of the measurement setup is depicted in fig. 4.13.

The measurement setup is implemented in a way to minimize the influences of technical
noise as far as possible. The entire setup is located on a pneumatically levitated optical
table to mechanically isolate the setup from the environment. Furthermore, as can be
seen in fig. 4.13, the linewidth measurement setup is set up on an optical breadboard.
The breadboard is placed on rubber pieces to damp vibrations of the optical table itself
and, if required, to guarantee an electrical isolation of the breadboard from the optical
table. The relatively low beam height (over the breadboard) of 63 mm, together with
the use of thick posts (∅=2.54 cm), reduces vibrations of the optical components relative
to each other. The measurement setup can be shielded against air flow (convection, air
flow caused by air conditioning) or external radiation (sun, other laser sources within
the lab, electromagnetic radiation) from the laboratory, by an anodized black aluminum
box.

beam

combiner

fiber coupling 1fiber coupling 2SDH setup

Figure 4.13.: Modular linewidth measurement setup. The units fiber coupling 1 and 2
are used to couple light into fibers. The unit SDH setup is used to realize
self-delayed heterodyne linewidth measurements and a fiber coupler is used
for all measurements for superposition of the two beams.

The linewidth measurement setup is realized modularly. Fiber couplers and optical
fibers are used in order to easily access the measurement setup with laser sources that
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4. Measurement Technique and Measurement Setup

are located elsewhere. The opto-mechanical part of the measurement setup consists of
four separate building blocks. Two units (fiber coupling 1 and 2 in fig. 4.13) are used
to couple light into an optical fiber and to suppress feedback effects. Only one of these
units is used for a self-delayed heterodyne linewidth measurement, whereas both units
are required for a heterodyne measurement. Another unit (SDH setup in fig. 4.13) is
used to perform self-delayed heterodyne linewidth measurements and a beam combiner
is used by any of the two measurement setups for the superposition of the two beams.

The laser sources are mounted onto a holder that was specifically designed for the
use within this measurement setup. A schematic drawing and an image of the holder is
depicted in fig. 4.14. It consists of thick aluminum walls, again to provide mechanical
stability. The laser source is placed on a copper heat sink with a relatively large volume
to provide good thermal stability. However, the large volume between the Peltier element
and the laser source slows down the temperature control servo loop.

The collimation lens (several standard lenses can be used) is mounted on a piezoelectric
element (HPSt 150/20-15/12, Piezomechanik) to check for optical feedback as will be
explained in 4.3. The lateral as well as the vertical adjustment of the collimation lens is
realized by a XY translator (ST1XY-D/M, Thorlabs) and the longitudinal adjustment is
done by a zoom housing translator (SM1ZM, Thorlabs). When closed with a lid (as seen
in fig. 4.13) the mount constitutes a measurement environment that is entirely shielded
against any air flow from outside since the collimation lens covers the beam output. If
an already collimated laser source is to be characterized, the collimation lens might be
replaced by a window.

(1)
(2) (3)

(4)

(5)
(1) (2)

(3)

(4)

Figure 4.14.: Laser source holder that provides a good thermal and mechanical stability.
(1) laser source, (2) piezo element, (3) collimation lens, (4) translators, (5)
peltier element. (left) Drawing. (right) Image

An image of one of the fiber coupling units is depicted in fig. 4.15 (left). The laser
source, which is mounted on the previously explained holder, provides a collimated
beam. First, the beam is deflected by a mirror which is mounted on a piezoelectric
element, again to provide the possibility to check for optical feedback. In the following,
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4.3. Linewidth Measurement Setup

the beam passes an attenuator to adjust the optical power and an optical isolator to
suppress optical feedback. It should also be noted, that the attenuator is placed before
the isolator to attenuate optical feedback that might be caused by the isolator itself. The
attenuator can be considered as an optical isolator with a large insertion loss (isolation
equals the insertion loss). Finally the beam is coupled into a single mode optical fiber.

The beam path, which is also depicted in fig. 4.15 (left), allows for an easy fiber
coupling close to the position of the operator and simultaneously allows the operator to
look at the input port of the optical isolator while adjusting the setup to ensure that
the beam is exactly centered on the optical axis of the isolator.

The self-delayed heterodyne measurement unit is depicted in fig. 4.15 (right). The
optical field is provided by a fiber (e.g. the output fiber of the fiber coupling unit) and
is further collimated. A fraction of the beam can be split off and be coupled into a
fiber again, for instance, to monitor the wavelength or the optical spectrum. The other
fraction of the beam is guided through an acousto optical modulator. The output of the
AOM consists of two beams, one is diffracted by a small angle and shifted in frequency
while the other one is left unmodified. The unmodified beam firstly passes a half wave
plate for polarization adjustment and secondly is coupled into a fiber that leads to a
fiber-based beam combiner. The frequency shifted beam is coupled into a long optical
fiber that serves as a delay line. The output of this fiber is connected to the second
input of the beam combiner.

Detection of optical feedback

As mentioned before, optical feedback can strongly influence the linewidth of semicon-
ductor lasers. In a linewidth measurement optical feedback effects need to be avoided in
order to produce meaningful results.

To check for optical feedback, the collimation lens and the first mirror of the setup
are mounted on piezoelectric transducers. This way, in case there is any feedback from
this or any of the following components, the phase of the feedback field can be varied by
several times 2π, which causes the linewidth to vary between maximum and minimum
values. On the other hand, if no dependence of the linewidth on the position of the
component is observed, we conclude that feedback does not affect the laser linewidth.

In order to check for optical feedback by driving a piezoelectric transducer the beat
note signal is recorded in the time domain by an oscilloscope and the beat note spectrum
is calculated as explained in 4.2.3. The record consists of 10 million samples with a
sampling rate of 400 MHz out of which 19 consecutive RF spectra were deduced. The
piezoelectric element is sinusoidally driven with a frequency of 2.5 Hz and a peak to peak
amplitude of 10 V resulting in a stroke of 2.4 µm.

It should be noted, that optical feedback can also be observed and detected by man-
ually tilting a mirror or by varying driving parameters like mount temperature and
injection current. However, the method described above allows for a feedback detection
without risking a misalignment of the optical path and is furthermore reproducible.

The influence of feedback on a DFB laser emitting at 894 nm is depicted in fig. 4.16.
The importance of the testing procedure described above is underlined by the fact that
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fiber coupling 1

(1)

(2)

(3)

(4)

(5)

SDH setup (1)

(2)

(3)

(4)

(5)

(6)

(7)

Figure 4.15.: Details of the measurement setup. (left) Fiber coupling unit with (1)
holder, (2) mirror on a piezoelectric element, (3) attenuator, (4) optical
isolator, and (5) fiber coupling. (right) Self-delayed heterodyne measure-
ment setup with (1) output fiber, (2) test fiber port, (3) acousto optical
modulator, (4) mirror for beam separation, (5) half wave plate, (6) fiber
port to fiber coupler, and (7) fiber port to delay line.

this feedback is caused by an optical isolator that has carefully been positioned. That
means, no feedback was introduced on purpose. Fig. 4.16 shows the time dependence of
the beat-note spectrum where a significant modification of the linewidth is observed.

Fig. 4.17 shows the broadest and the narrowest beat note spectrum of that time
record. The maximum corresponds to a FWHM beat-note linewidth of 2.44 MHz and
the minimum linewidth to 0.4 MHz.

The position of the piezoelectric mirror within the measurement setup allows for the
detection of the origin of the feedback. If wobbling of the mirror does not produce a
feedback effect (no modulations in the RF beat-note spectrum occur) then all optical
components that are "optically" further away from the laser do not cause optical feedback
that affects the linewidth.

All linewidth measurements that are presented within this work have been checked
for and were not affected by optical feedback.

The following schemes can be helpful when the suppression of optical feedback espe-
cially from the optical isolator is challenging. Our experiments showed that an attenu-
ator inserted between the laser and the isolator decreases feedback since the light (and
thus also the amount of feedback) is reduced by the attenuator. Of course this is only
applicable if the attenuated power is still sufficient for the application.
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Figure 4.16.: RF beat-note spectrum under the influence of optical feedback in depen-
dence of the measurement time. The phase of the reflected light is sinu-
soidally modulated by a mirror placed on a piezoelectric element.

A long distance between the laser and all other crucial (in terms of optical feed-
back) components is always favorable if the measurement setup provides enough space.
Especially scattered optical feedback will be effectively suppressed. Further, an AOM
between the laser and the attenuator might also suppress feedback effects if the obtained
frequency deviation of the feedback (corresponding to twice the driving frequency of the
AOM) that reenters the laser is large enough to be outside the sensitivity bandwidth of
the laser.

It should be noted, that incoherent optical feedback (caused by elements following the
delay line) can also influence the spectral linewidth of semiconductor lasers [116]. Since
this kind of feedback is phase-insensitive it can not be detected by the method mentioned
above. Such a feedback would, however, be detectable if different attenuation levels or
various isolation levels (e. g. by inserting a second optical isolator) are selected along
the optical path. Within this work, experiments have been performed where the beat
note spectra were measured with one and two 60 dB isolators inserted into the path.
The comparison of these measurements never showed any differences. Therefore we
conclude, that an optical isolation of 60 dB sufficiently suppresses any optical feedback
effects originating behind the isolator within our measurement setup.

4.3.1. Limitation of the Measurement Setup

The RF beat note signal spectrum is required to be well above the noise floor of the
measurement setup for the frequencies of interest in order to obtain meaningful results.
Fig. 4.18 shows a beat note spectrum obtained by the heterodyne measurement setup
described in 4.2.2 in comparison to various other measurements that indicate specific
noise floors of the measurement setup. In fig. 4.19 frequency noise spectra obtained
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Figure 4.17.: Beat note spectra of the maximum and the minimum linewidth of fig. 4.16
(inset: linear scale). The maximum linewidth is by a factor of 6 larger than
the minimum linewidth.

from the corresponding beat note and noise floors are presented as well.
No difference between the spectra of an illuminated photo-detector (with a power

corresponding to the power of both light paths) to the spectrum when the photo detector
is not illuminated is observed. That means that the intensity noise of our lasers lies
below the sensitivity of the measurement setup. The inherent noise floor of the photo-
detector lies at least 13 dB below the beat note signal power and by a few dB beyond
the input noise of the spectrum analyzer (not shot noise limited, shot noise: -133 dBm
as calculated as described in [117]). That means the noise floor is mainly determined
by the photo-detector, however, the input noise of the spectrum analyzer still has some
influence which can be observed by the kink at a carrier offset frequency around 3 MHz.

A narrow band signal, with the same amplitude and frequency as the beat note signal,
of a signal generator (HP8657B) is also presented. The noise floor lies well below the
beat note signal and the FWHM linewidth of this signal is determined by the resolution
bandwidth of 10 kHz.
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Figure 4.18.: RF spectrum of a narrow linewidth heterodyne beat note signal in compar-
ison with the noise floors given by the photo-detector and the RF spectrum
analyzer. A RF signal of a signal generator (HP8657B) at the same fre-
quency and with the same amplitude is also given.

0.1 1 10 100
1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

10000

100000

 
 

fre
qu

en
cy

 n
oi

se
 [H

z2 /H
z]

carrier offset frequency, f [MHz]

 beat note signal
 PD illuminated
 PD not illuminated
 RF signal HP8657B
 nothing connected

Figure 4.19.: Frequency noise spectrum of a narrow linewidth heterodyne beat note sig-
nal in comparison with the noise floors given by the photo-detector and
the RF spectrum analyzer. A RF signal of a signal generator (HP8657B)
at the same frequency and with the same amplitude is also given.

67
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Stable single mode operation in lateral as well as in vertical direction is a prerequisite for
narrow linewidth emission. Vertical single mode operation is obtained by implementing
a vertical waveguide structure as explained in 3.1.3. Lateral single mode operation can
be obtained by a ridge waveguide which induces an effective small index modulation
in lateral direction within the vertical waveguide structure and the active region (also
introduced in 3.1.3). Typically, as experimentally observed, ridge waveguides with a
width as large as 5 µm provide lateral single mode operation. Within this chapter, the
fabrication process and the structure of the DFB and DBR lasers are briefly introduced
and their characteristics are presented in detail.

5.1. Fabrication, Processing, Coating and Mounting.

The epitaxial layer structures are grown by metal-organic vapor phase epitaxy. The
grating is either implemented in the layer sequence itself by a two-step epitaxy as in the
case of DFB lasers or consists of a Bragg surface grating as in the case of DBR lasers.

When fabrication of the wafers has been finished, the wafer is cleaved into bars. Each
bar carries about 25 laser chips. The edges of these bars, that later form the front and
the rear facets of the laser chip, are passivated and coated, as described in [118]. After
coating, the laser chips are separated by cleavage.

The laser chips are soldered onto a copper tungsten (CuW) sub-mount (height: 250 µm)
with the p-contact up. CuW is used because of its good thermal and electrical conduc-
tivity. The sub-mount itself is soldered onto a C-mount which serves as a heat sink and
mechanical mount. In a last step, the bonding wires required for contacting the p-side of
the devices are added. Each of the bonding wires with a diameter of 25 µm can carry up
to 500 mA of current. All devices presented here have several more bonding wires than
would be required. Since the CuW sub-mount is electrically conductive, the C-mount
itself is used for contacting the n-side of the laser chip.

An image of a laser chip on a C-mount is depicted in fig. 5.1. The laser chip typically
has a length between 1 and 4 mm and a width of roughly 400 µm. The sub-mount is
slightly larger. The bonding wires connect to an electrically insulating Au-coated contact
pad (as can be seen at the right side of the image). A contact stripe allows for easy
contacting.
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bonding wires

contact stripe

laser chip
submount

C-mount

Figure 5.1.: Photograph of a laser chip on a C-mount. The laser chip is soldered on a
sub-mount which itself is soldered onto the C-mount. Bonding wires and a
contact stripe are used for contacting the p-side of the laser. The C-mount
itself is used for contacting of the n-side. Image courtesy: FBH / Schurian.
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5.2. Distributed Feedback Lasers

The main advantage of DFB lasers is their potential of featuring an excellent single-mode
operation with a wide continuous tuning range as explained in more detail in 3.1.4. In
the following, the design and the characteristics of the DFB lasers used within this work
will be given.

5.2.1. Device Structure

A schematic of the DFB lasers used in this work is depicted in fig. 5.2 (left). The
InGaAs/GaAsP double quantum-well structure serving as active region is asymmetri-
cally sandwiched between two AlGaAs waveguide structures. The ridge waveguide has
a width of 5 µm.

A zoom of the grating area is presented in fig. 5.2 (right). The grating is of second
order and consists of an InGaP/GaAs/InGaP-structure with a grating period of 324 nm
which results in an emission wavelength of approximately 1066 nm.

The front facet is anti-reflection coated to less than 0.1%, and the rear facet is coated
to provide a reflectivity of approximately 95%. The coupling coefficient corresponds to
4.5 cm-1 as estimated by the method described in [75].

More details about DFB lasers with a similar structure emitting at 980 nm can be
found in [119].

ridge waveguide

p-contact
p-Al(0.85)Ga(0.15)As
cladding

p-Al(0.35)Ga(0.65)As
waveguide with
grating

n-contact

GaAs substrate
n-Al(0.45)Ga(0.55)As cladding

n-Al(0.35)Ga(0.65)As
waveguide

InGaAs-
DQW

p-Al(0.85)Ga
(0.15)As
cladding

p-contact

p-Al(0.35)Ga(0.65)As
waveguide

InGaP/GaAs/InGaP
grating

Figure 5.2.: (left) Schematic of the DFB layer sequence used within this work. (right)
Zoom of the p-waveguide structure with the second order Bragg grating
grown by a two-step epitaxy. Not to scale.

In 5.2.2, experimental results of DFB lasers with a cavity length of 1 and 2 mm and a
coupling coefficient of 4.5 cm-1 will be presented.

Devices with a length of 3 mm or with a coupling coefficient of 10 cm-1 have been
realized as well. However, these devices did not exhibit stable single mode operation and
thus will not be presented here. Furthermore, the influence of the reflectivity of the front
facet was investigated and DFB lasers with 5 and 10% front facet reflecitvity have been
realized. As a result, the higher front facet reflectivity decreases the spectral stability
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significantly while only improving the linewidth marginally at particular working points.
Therefore, these devices are not considered to be appropriate for implementation in a
narrow linewidth MOPA system and are thus, as well, not discussed herein.

More details about the influence of the cavity length, the coupling coefficient, the
reflectivity of the facets, and the housing on the spectral linewidth of DFB lasers emitting
at 780 nm can be found in [120].

5.2.2. Basic Characteristics

The CW power versus injection current characteristics of 4 DFB lasers, two for a cavity
length of 1 mm and two for 2 mm, are depicted in fig. 5.3. The FBH internal nomenclature
of all of the devices presented within this work can be found in appendix F. Unless
stated otherwise, all measurements have been carried out at a temperature of 25°C. The
devices show a linear power-current characteristic over the depicted current range. Since
no thermal rollover is observed, the maximum achievable output power is expected to be
even larger. The power current characteristics of the 1 mm devices are almost identical,
whereas between the 2 mm devices a small difference is observed. However, this difference
is only marginal and will not affect a heterodyne linewidth measurement significantly.

The threshold currents for the 1 and 2 mm devices are 24 mA and 33 mA, respectively.
The slope corresponds to 0.82 W/A for the 1 mm and to 0.66 W/A for the 2 mm devices.
The output power for an injection current of 300 mA corresponds to 227 mW and 180 mW
for the 1 and 2 mm devices, respectively.
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Figure 5.3.: CW power-current characteristics of DFB lasers with cavity lengths of 1 and
2 mm (two devices for each length, 25°C).

The dependence of the optical spectrum on the injection current of one device for
each length is depicted in fig. 5.4. The spectra show a stable longitudinal single mode
operation from threshold current to 300 mA. Please note, that the steps observed are
caused by the measurement resolution of 5 mA and not by mode-hops. The actual
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spectrum is continuous. The wavelength drift is 4.13 nm/A and 1.8 nm/A for the 1 and
2 mm devices, respectively, as obtained by a linear fit between 100 and 200 mA. This drift
originates from self-heating of the devices and a corresponding change of the refractive
index.

The dependence of the emission wavelength on the injection current is practically
identical for devices with the same cavity length, see [45].
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Figure 5.4.: Optical spectra of DFB lasers with cavity lengths of 1 (left) and 2 mm (right)
vs. injection current. Both devices emit in a stable single mode. The resolu-
tion of the measurement corresponds to 5 mA. Both spectra are normalized
to the overall peak values.

Single optical spectra at injection currents of 100, 200, and 300 mA for one of the 1 mm
and one of the 2 mm devices are depicted in fig. 5.5. The 1 mm device features more
than 55 dB and the 2 mm device more than 50 dB of side-mode suppression ratio. This
SMSR is large enough, that no influence on the linewidth by the side-modes is expected.

The dependence of the optical spectrum on the temperature of the mount for a 1 mm
long DFB laser is depicted in fig. 5.6. The laser can be tuned mode-hop free by more
than 1.5 nm within a temperature range between 15 °C and 35 °C. The drift of the center
wavelength is linear with a slope of 0.07 nm/K. The side-mode suppression ratio exceeds
45 dB for all temperature settings. The characteristics and the slope for the 2 mm devices
is practically identical.
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Figure 5.5.: Optical spectra of DFB lasers at injection currents of 100, 200, and 300 mA.
(left): Spectra for a DFB laser with a cavity length of 1 mm. The side mode
suppression ratio exceeds 55 dB. (right): Spectra for a DFB laser with a
cavity length of 2 mm. The side mode suppression ratio exceeds 50 dB.
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Figure 5.6.: Optical spectrum of a DFB laser with a cavity length of 1 mm as it depends
on the temperature of the mount. The drift of the spectrum is mode-hop
free with a slope of 0.07 nm/K. The devices with a cavity length of 2 mm
show a similar characteristic. Each spectrum is individually normalized.
The temperature resolution corresponds to 1 K.
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5.2.3. Linewidth

RF Beat Note and Frequency Noise

In fig. 5.7 (left) RF beat note spectra at various output power settings are depicted for a
DFB laser with a cavity length of 2 mm. The 1 mm devices show a similar behavior only
with larger linewidths. As theoretically expected, the spectrum resembles a Lorentzian
line-shape for small output power, whereas for higher output power the center of the
spectrum turns more and more into a Gaussian line-shape and the entire spectrum can
most adequately be described by a Voigt profile. For an output power of 116 mW, a
pronounced noise contribution can be observed at a carrier offset frequency of 8 MHz.
The noise contribution is attributed to injection current noise or to pick-up noise from
the measurement environment.

The power spectral density of frequency noise is depicted in 5.7 (right) for various
output power settings. For small carrier offset frequencies (< 1 MHz) a 1/f characteristic
is observed, whereas for larger carrier offset frequencies (> 10 MHz) a white noise floor is
identified. The excess noise contribution to the RF beat note spectrum at ∆f = 8 MHz
is also visible in the frequency noise spectrum.
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Figure 5.7.: Heterodyne linewidth measurement results of DFB lasers. (left) RF spectra
of the beat note signals for DFB lasers with 2 mm cavity length at various
output powers. (right) Frequency noise spectra at various output powers.

Linewidth vs. Optical Output Power

The dependence of the intrinsic and the FWHM linewidth on the optical output power
is depicted in fig. 5.8. The intrinsic linewidth is extracted as explained in 4.2.3 from
the average white frequency noise floor between 10 and 20 MHz depicted in fig. 5.7
(right). The intrinsic linewidth only slightly deviates from the theoretically expected 1/P
dependence for the 1 mm devices and almost exactly follows a 1/P dependence for the
2 mm device. The minimum intrinsic linewidths are 30 kHz at an output power of 228 mW
and 7 kHz at an output power of 116 mW for the 1 and 2 mm devices, respectively.
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The technical linewidth is dominating the FWHM linewidth for all power levels. The
minimum FWHM linewidth corresponds to 600 kHz at an output power of 110 mW and
to 280 kHz at an output power of 65 mW for the 1 and 2 mm devices, respectively.

Please note, that the intrinsic linewidth deviates from the values published in [45]
because the measurements presented in fig. 5.8 were obtained by the improved measure-
ment procedure based on frequency noise measurements as explained in 4.2.3.

To our knowledge, these are the narrowest intrinsic and FWHM linewidths reported
so far for DFB lasers with an output power exceeding 100 mW at any wavelength.

The FWHM linewidth for both cavity lengths is decreasing with increasing current
for small output power settings and is increasing for larger output power settings. One
reason for the decrease at low output powers is that the FWHM linewidth is a combi-
nation of the intrinsic (with a 1/P dependence) and the technical linewidth. However,
the influence of the intrinsic linewidth only partially explains the decrease observed.

We believe, that the observed dependence of the FWHM linewidth on the output power
further corresponds to the noise characteristics of the current source. Unfortunately, the
noise level of the current source is too low to be measured electronically. However,
linewidth measurements with other current sources showed a different dependence of
the FWHM linewidth, a steady increase of the FWHM linewidth is observed in most
cases.

In contrast to common literature (see 3.2.4), we conclude that the observed re-broadening
of the FWHM linewidth is attributed to an increasing current noise of the current con-
troller at higher output power settings rather than to physical line broadening effects
within the semiconductor laser itself.

The theoretically expected intrinsic linewidth as calculated by equ. 3.16 corresponds
to a range of values determined by the uncertainty of the facet-grating-phases. The
experimentally observed linewidths of the 1 and 2 mm devices lie within this theoretically
expected range as illustrated in fig. 5.8.

The 2 mm devices were only investigated for injection currents up to 200 mA (corre-
sponding to an output power of 116 mW) because lateral mode instabilities, and thus
instabilities of the line-shape, were observed for one of the devices. It should be noted,
that other 2 mm devices do not exhibit these mode instabilities, however, those devices
either exhibit mode hops or a second, nominal identical device, required for a heterodyne
measurement, was not available.

The mean ratio between the FWHM linewidth of the 1 and 2 mm devices corresponds
to 2. The major noise contribution to the FWHM linewidth is assumed to be current
fluctuations of the current controller. The small signal response at low modulation
frequencies as introduced in 3.2.5 determines the sensitivity of the emission frequency
onto current fluctuations. In the following, this theory will be applied to explain the
dependence of the FWHM linewidth on the cavity length.

The values of (dν
dI )thermal

∣

∣

∣

ω=0
of equ. 3.17 can be extracted from fig. 5.4 (left) and

(right) (optical spectrum in dependence of the injection current) for the devices with
cavity lengths of 1 and 2 mm, respectively. The thermal drift of the device with a length
of 2 mm is smaller than that of the 1 mm device due to a smaller thermal resistance.
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Figure 5.8.: FWHM and intrinsic linewidth vs. optical output power for DFB lasers
with cavity lengths of 1 (left) and 2 mm (right) with a coupling coefficient
of 4.5 cm-1. The theoretically expected intrinsic linewidth range is marked
by the yellowish regime.

The ratio of dν
dI

∣

∣

∣

ω=0
for the two cavity lengths is approximately 2.3.

For the noise frequencies of interest (a few MHz) we can set ω/γP P ≈ 0 and H(ω) ≈ 1.
The dependence of (∆ν/∆I)carrier of equ. 3.18 on the cavity length is therefore only
determined by the active region volume (dWL) and is proportional to the inverse of the
length of the device corresponding to a factor of 2.

Therefore, the thermal as well as the carrier effects could describe the FWHM linewidth
ratio of 2. Most likely, the FWHM linewidth is determined by a combination of both
effects rather than by just one of them. In any case we conclude, that longer lasers tend
to be less sensitive to injection current noise.
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5.3. Distributed Bragg Reflector Lasers

The characteristic mode-hops are considered to be the main drawback of distributed
Bragg reflector lasers and therefore DFB lasers are typically preferred for narrow linewidth
applications.

However, a DBR laser has several advantages over DFB lasers. As explained before the
grating of a DFB laser is implemented by a complicated two-step epitaxy and the phase
of the grating with respect to the facet can not be controlled. Hence, the performance of
two nominally identical DFB lasers with different grating phases might differ strongly.
At least one facet of the DFB laser needs to be anti reflection coated in order to avoid
mode competition between the Fabry Perot modes and the modes of the DFB grating.
On the other hand, higher facet reflectivities are favorable because they make the laser
less sensitive to optical feedback and decrease the intrinsic linewidth. Increasing the
coupling coefficient for DFB lasers to reduce the linewidth is not promising because mode
instabilities occur at too large coupling coefficients. The same applies to increasing the
cavity length. Both effects have been observed by us experimentally.

In contrast, the spectral stability of DBR lasers improves with higher facet reflectivi-
ties. We realized DBR lasers with a front facet reflectivity of 30% and a resonator length
of 3 mm. As will be shown in the following, this results in FWHM as well as intrinsic
linewidths that are comparable to or smaller than the linewidths of the best DFB lasers.
At the same time these DBR lasers are potentially less sensitive to optical feedback.
Therefore, we found DBR lasers to be the better choice to provide the master oscillator
in a MOPA system than DFB lasers.

5.3.1. Device Structure

The DBR lasers presented in this work have an epitaxial layer structure similar to the one
described in [44, 121, 122]. It is schematically depicted in fig. 5.9. The structure consists
of an InGaAs triple quantum well active region embedded non-centrically in a 4.8 µm
broad AlGaAs optical confinement layer. A 4 µm wide ridge waveguide provides lateral
waveguiding. The devices have a total length of 4 mm. The gain section is electrically
pumped and has a length of 3 mm. The grating is a 1 mm long passive 6th order Bragg
surface grating and provides a reflectivity of approximately 60%. The rear facet (grating
side) is anti-reflection coated to less than 0.1%. Results of devices with a front facet
reflectivity of 1% and 30% will be presented and compared in the following.

5.3.2. Basic Characteristics

The CW power vs. current characteristics of DBR-RW lasers with front facet reflectivi-
ties of 1% and 30% are depicted in fig. 5.10 for a mount temperature of T = 25◦C. The
threshold current and the slope efficiency are 88 mA and 0.64 W/A for the device with
Rf = 1% and 65 mA and 0.41 W/A for Rf = 30%, respectively. The power vs. current
characteristics of the two devices with Rf = 30% are practically identical. Mode-hops of
the DBR lasers, which are caused by a differential temperature shift between the Bragg
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Figure 5.9.: Schematic of the epitaxial layer sequence and the structure of a DBR laser.
The surface grating is located at one side of the amplifier section. Not to
scale.

grating and the cavity resonances, can be observed as kinks in the power-current plot.
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Figure 5.10.: CW power-current characteristics of DBR-RW lasers with front facet re-
flectivities of 1% and 30% at a temperature of 25°C (one device for Rf =
1% and two devices for Rf = 30%).

The optical spectrum vs. injection current is depicted in fig. 5.11 for the device with
Rf = 1% and for one of the devices with Rf = 30%. The device with Rf = 1% shows
wide single mode ranges only for currents up to 300 mA and beyond 1400 mA. Only a few
single mode regions can be observed between 300 and 1400 mA. The average wavelength
drift is 0.42 nm/A (between 100 and 2000 mA). Due to the fact that this device is not
running in a stable single mode over a wide current range, we had to use the self-delayed
heterodyne linewidth measurement technique to investigate its spectral stability. A
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detailed investigation of the modal behavior versus injection current of a similar device
can be found in [123].

The devices with Rf = 30% show stable single mode operation over a wide current
range with only very few mode hops. The average wavelength drift is 0.56 nm /A (current
range: 100 - 500 mA). Due to the stable single mode operation and the fact that the
two lasers are almost identical, the standard heterodyne linewidth measurements with a
"weak" frequency lock could be performed on this laser type. The side mode suppression
ratio of all devices exceeds 50 dB at settings where single mode operation is obtained.
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Figure 5.11.: Optical spectrum vs. injection current of DBR lasers for a mount temper-
ature of T = 25◦C (resolution: 10 mA). (left) Optical spectrum of a device
with a front facet reflectivity of 1%. The spectrum shows several mode
hops and mode instabilities. (right) Optical spectrum of a device with a
front facet reflectivy of 30%. The spectrum is single mode over wide cur-
rent ranges with only very few mode hops. Both spectra are normalized to
the overall peak values.

Single optical spectra at injection currents of 150, 1000, and 2000 mA for the device
with Rf = 1% are depicted in fig. 5.12 (left). The side-mode suppression ratio is 45 dB
for an injection current of 150 mA and increases to more than 50 dB for injection currents
of 1000 and 2000 mA. For the measurements presented, no influences of the side-modes
onto the linewidth are expected, however, as can be seen in fig. 5.11 (left) the side-mode
suppression ratio at other injection current settings is smaller and an influence of the
side-modes onto the linewidth might occur.

Optical spectra for one of the DBR lasers with Rf = 30% are depicted in fig. 5.12
(right). The side-mode suppression ratio exceeds 55 dB for all injection current settings
and no influence of the side-modes onto the linewidth is expected.

The optical spectrum of one of the devices with Rf = 30% is depicted in fig. 5.13
as it depends on the mount temperature. The drift is linear and mode hop free with
a slope of 0.083 nm/K. This measurement has been performed at an injection current
of 250 mA, a current that corresponds to a working point that lies right in the center
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Figure 5.12.: (left) Optical spectra of a DBR laser with Rf = 1% at injection currents of
150, 1000, 2000 mA. (right) Optical spectra of a DBR laser with Rf = 30%
at injection currents of 100, 300, 500 mA.

between two mode-hops (as can be seen in fig. 5.11 (right)) and therefore promises a
maximum continuous tuning range. The laser can be tuned mode-hop free by 1.66 nm
by a temperature swing from 15°C to 35 °C.
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Figure 5.13.: Optical spectrum of a DBR laser with Rf = 30% as it depends on the mount
temperature. The drift of the spectrum is mode hop free with a slope of
0.083 nm/K. Each spectrum is individually normalized. The temperature
resolution corresponds to 1 K.

81



5. Solitary Semiconductor Lasers

5.3.3. Linewidth

DBR laser with a front facet reflectivity of 1%

RF beat note spectra as well as frequency noise spectra obtained by a self-delayed het-
erodyne linewidth measurement of the device with Rf = 1% are presented in fig. 5.14.
Note, that for this measurement the noisier current source LDC-3744B was used since
injection currents as large as 2 A were required.

In fig. 5.14 (left) RF beat note spectra at various output power settings are depicted.
Similar to DFB lasers, the wings are described by a Lorentzian line-shape whereas the
center lobe is resembled by a Gaussian line-shape especially at high output power due
to the increased injection current noise.

The corresponding frequency noise spectra are depicted in 5.14 (right). For carrier
offset frequencies > 10 MHz the white noise floor can be observed. As already explained
in 4.2.3 the close-in phase noise displayed here below 4 MHz does not reflect the true
close-in phase noise.
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Figure 5.14.: Self-delayed-heterodyne linewidth measurement results for a DBR laser
with Rf = 1% and at a temperature of 25◦C. (left) RF beat note spectra
at various output power settings. (right) Frequency noise spectra at various
output power settings.

The FWHM and the intrinsic linewidth in dependence on the optical output power
are depicted in fig. 5.15. Since the DBR laser with Rf = 1% exhibits several mode
hops and is not featuring single mode operation at every current setting only results for
single-mode current settings are presented.

The FWHM linewidth shows a slight decrease with increasing injection current for
small output power settings which is explained by the intrinsic linewidth contribution to
the FWHM linewidth (see 5.2.3). The FWHM linewidth reaches a minimum of 533 kHz
at an output power of 41 mW. For output powers beyond 41 mW the FWHM linewidth is
permanently increasing. This increase is most likely caused by excess noise of the current
source. At the maximum output power of 1007 mW, the FWHM linewidth corresponds
to 1527 kHz.
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The intrinsic linewidth is decreasing with increasing output power. At high output
power, however, the intrinsic linewidth fluctuates around the decreasing average. This
fluctuation is attributed to the fact that the spectral behavior, e.g. the side-mode sup-
pression ratio, between two mode hops varies. The intrinsic linewidth for the maximum
output power of 1007 mW is 15 kHz.

The theoretical expected linewidth according to equ. 3.16 is depicted in fig. 5.15 as
well. The experimentally observed linewidth is in good agreement with the theory,
however, a deviation from the theoretically expected 1/P-dependence is observed that
might be explained by further contributions to the linewidth as explained in 3.2.2.
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Figure 5.15.: FWHM, intrinsic and theoretical linewidth vs. optical output power for
a DBR laser with Rf = 1% at a temperature of T = 25◦C. Only current
settings that provide single mode operation are shown.

DBR laser with a front facet reflectivity of 30%

RF beat note spectra and frequency noise spectra of DBR lasers with Rf = 30% are
presented in fig. 5.16. Below 3 MHz and at 5.6 MHz excess noise contributions are ob-
served that are more evident for higher output power. The origin of this noise is again
attributed to technical noise entering into the measurement setup.

The FWHM and the intrinsic linewidth in dependence on the optical output power
are depicted in fig. 5.17. The FWHM linewidth shows a small decrease with increasing
injection current at low output power settings and a slight increase with increasing in-
jection current at high output power settings. Similar to DFB lasers, this decrease is
explained by the effect of the intrinsic linewidth on the FWHM linewidth and by the
characteristics of the current source (see 5.2.3). The average FWHM linewidth corre-
sponds to 180 kHz. The intrinsic linewidth follows a 1/P-dependence with a minimum
of 2 kHz at an output power of 180 mW.

To our knowledge this is the narrowest intrinsic linewidth reported for a free running
solitary semiconductor laser at any wavelength so far.

The experimentally observed linewidth (according to equ. 3.16) is in good agreement
with the theoretically expected value as shown in fig. 5.17. The slight difference be-
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Figure 5.16.: Heterodyne linewidth measurement results of two DBR lasers with Rf =
30% for various output powers at T = 25◦C. (left) RF beat note spectra.
(right) Frequency noise spectra.

tween theoretical prediction and experimental results is attributed to uncertainties of
the parameters entering the linewidth formula given by equ. 3.16.
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Figure 5.17.: FWHM, intrinsic and theoretical linewidth vs. optical output power for a
DBR laser with Rf = 30% at a temperature of T = 25◦C. The intrinsic
linewidth decreases with a 1/P dependence whereas the FWHM linewidth
remains rather constant. The theoretically expected linewidth is in good
agreement with the experimentally determined intrinsic linewidth.
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System

As explained in chapter 3.4, a master oscillator power amplifier system can provide
stable high-power narrow-linewidth operation if optical feedback from subsequent optics
and coupling of spontaneous emission from the amplifier to the oscillator is suppressed.
Optical isolation between the oscillator and the amplifier by an optical isolator in a
bench-top setup has already been presented [31, 104], however, such systems are not
appropriate for space applications due to their volume and weight and their reduced
mechanical stability.

In this chapter, the realization of a micro-integrated narrow-linewidth MOPA system
that is implemented on a footprint 50 x 10 mm2 with excellent mechanical stability will
be presented.

6.1. Design and Realization

The basic design of the micro-optical system, like mounting of lenses, electrical con-
tacting, or design of the heat sink, is based on previous work in the group "Hybride
Systeme" at the FBH. The main goal of this work was to realize compact high-power
laser modules that include non-linear crystals for second harmonic generation e.g. for
display applications.

6.1.1. Optical Design

Beam forming is realized by cylindrical plano-convex micro-lenses manufactured by "In-
generic". The lenses are aspheric in order to correct optical aberrations. Fast axis
collimation (FAC) lenses are used for beam-forming the vertical direction and slow axis
collimation (SAC) lenses to form the lateral direction. The lenses are anti-reflection
coated for a wavelength of 1064 nm.

The design of the optical path in lateral as well as in vertical direction is depicted in
fig. 6.1. The output of a spectrally stable master oscillator is collimated by a FAC-SAC
pair. The collimated beam is guided through an optical isolator and is then coupled
into the amplifier by another FAC-SAC pair. The output of the amplifier is collimated
by a three-lens system that has successfully been used within some other FBH project.
With the three lens system a circularly shaped beam can be obtained for a variety of
amplifier geometries (FAC: FAC08-1000-XB-01, first SAC: ACYL-F2.1, second SAC:
ACYL-F2.5). The output of the rear facet of the master oscillator is also collimated and
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provides an auxiliary output. However, we typically dump this beam to avoid optical
feedback effects.

The micro-isolator (I-106-MM-1.0-4-WPO, Isowave) is a single-stage Faraday isolator
with a specified isolation of > 30 dB and a specified insertion loss of 1.2 dB. Characteri-
zation of a particular isolator revealed an optical isolation of 37 dB and an insertion loss
of 1.7 dB. The surfaces are wedged by 4° to avoid optical feedback effects. The clear
aperture is 1 mm. A half-wave plate is glued onto the rear side of the micro-isolator so
that the polarization of the output is unmodified upon transmission. This is important
since the amplifier is sensitive to the polarization of the seed laser. The maximum power
density should not exceed 25 W/cm2. Exceeding this power density will not instantly
destroy the isolator but will reduce its isolation. The isolator has a length of 5 mm and
a diameter of 3 mm.

A trade-off exists in finding the optimal beam diameter within the isolator. On one
hand, the beam diameter needs to be as large as possible to transmit as much optical
power as possible to seed the amplifier. On the other hand, a larger beam diameter
increases the probability of optical feedback from the edges of the isolator (optics or the
housing) through beam clipping. An optimal beam diameter was found to be 0.6 mm
(all beam diameters refer to a diameter where 95% of the total power is included). At
this beam diameter 70 mW optical power can be transmitted through the isolator. This
is enough power to saturate the amplifier. At the same time the beam diameter is small
enough to avoid feedback to the master oscillator through scattering.

The optical path has been simulated with the software "WinABCD" available at the
FBH and written by Bernd Eppich. Commercially available lenses that provide a beam
diameter as close as possible to the desired 0.6 mm are used for the collimation between
the oscillator and the amplifier. The selected FAC (FAC08-1200-HB) delivers a vertical
beam diameter of 0.53 mm and the SAC (SAC03-2300) provides a lateral beam diameter
of 0.61 mm (assumed typical divergence angles (95%) of 25° in vertical and 15° in lateral
direction).

lateral view

vertical view

MO FAC/
SAC

isolator PASAC/
FAC

FAC/SAC/SAC

Figure 6.1.: Design of the optical path. Beam forming is realized by the use of aspherical
micro-lenses.

It should be noted, that the micro-isolator is not yet space-qualified. According to
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the manufacturer "Isowave" the micro-isolator consists of crystals, metal, ceramics, a
magnetic thin film, all assembled with the epoxy 353ND. The epoxy might prevent
space qualification of the micro-isolator and, most likely, it would have to be replaced
by a space-qualified adhesive like NOA 88.

6.1.2. Design of the System

The AlN platform that carries all optics and semiconductor components is referred to as
the "micro-optical bench". It has a footprint of 50 x 10 mm2 and is depicted in fig. 6.2.
AlN is used due to its good electrical isolation and its excellent thermal conductivity.

As master oscillator, a DBR laser with a front facet reflectivity of 30%, similar to the
one described in 5.3, is used (the FBH internal nomenclature of the devices can be found
in appendix F).

The amplifier chip comprises of a 2 mm long ridge waveguide entry section and a 2 mm
long tapered section. The ridge waveguide has a width of 3 µm and serves as a spatial
mode filter. The tapered section with an opening angle of 6° decreases the optical power
density within the amplifier as well as on the front facet in order to avoid catastrophic
optical damage. The active region of the amplifier consists of an InGaAs double quantum
well embedded in a broad AlGaAs optical confinement layer.

Experiments have revealed, that a common n-contact of the oscillator and the ampli-
fier through the gold coating of the micro-optical bench leads to an electrical crosstalk
between the current sources of the amplifier and the oscillator. The current noise of
the high current controller that drives the amplifier broadens the linewidth of the mas-
ter oscillator. In order to suppress electrical crosstalk, the oscillator and the amplifier
are mounted on separate electrically isolated AlN sub-mounts (height 800µm) with the
p-contact up.

The sub-mounts are soldered on the micro-optical bench which is clamped onto a
copper heat sink. Contacting of the n-side is realized by placing bond wires on the top
gold coating of the sub-mount. The p-contact is directly bonded onto the chip. The
bonding wires connect to structured rails which are further bonded to contact pins. A
photograph of the packaged MOPA system is presented in fig. 6.3.

6.1.3. Realization of the System

Setup for Adjustment

Positioning of the optical components is carried out with a hexapod (F-206.S, Physik
Instrumente) that provides a spatial and angular resolution of 0.1 µm and 2 µrad, respec-
tively. While optics are adjusted optical output power, spectral distribution, linewidth,
and spatial beam profile of the laser system are monitored.

Assembly of the System

The FAC lenses are glued to the rails that are located along the edges of the micro-optical
bench. The SAC lenses are glued onto the micro-optical bench directly. A space-qualified
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MO (Pout < 100 mW, ∆νFWHM < 100 kHz)

PA (Pout > 1 W,
∆νFWHM < 100 kHz)

micro-isolator

micro-lenses

Figure 6.2.: Micro-optical bench with a MOPA module consisting of a DBR laser as a
MO and a tapered amplifier with a ridge waveguide entry section. A pair
of aspheric cylindrical lenses is used to collimate the output of the MO and
one more to focus into the entry section of the PA. A micro-isolator between
the MO and the PA suppresses optical feedback. Three aspheric cylindrical
lenses are used to obtain a circular shaped, collimated beam.

adhesive, NOA 88 (Norland) has been used for gluing all the optics. The NOA 88 is
cured by illumination with a UV light source Omnicure S1000 (settings: 60 W output for
600 seconds, however only a fraction of the power reaches the adhesive). The UV light is
guided to the module by two light guides that are placed in such a way that the adhesion
is illuminated uniformly. The micro-optical bench provides an cut-out for the isolator
which is 11 mm long and hence could carry two isolators. The width of the cut-out is
2.4 mm and is slightly wider than would be required in order to allow an adjustment of
the isolator in any direction. The remaining gap will be filled with adhesive during the
gluing process.

The basic assembly steps of the MOPA system are depicted in fig. 6.4 and are explained
in the following.

• (1) The oscillator is soldered onto the AlN micro-optical bench with a AuSn (gold
tin) solder. The AuSn solder has a melting point of 280°C. Typically the applied
temperature for the soldering step is beyond 300°C.

• (2) The emission of the oscillator is collimated with a pair of aspheric cylindrical
micro-lenses. The collimation is optimized by minimizing the spot size displayed
by a camera which is positioned in the focus of a lens.

• (3) The micro-isolator is glued onto the micro-optical bench. The measurements
revealed that the micro-isolator is not causing any significant beam displacement
and its adjustment is noncritical. The isolator can even be introduced after the
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6.1. Design and Realization

Figure 6.3.: Packaged module with connectors and copper heat sink.

entire MOPA module is adjusted without significantly decreasing the optical out-
put power of the MOPA. The opening of the micro-optical bench is large enough
to fit two 30 dB isolators.

• (4) The power amplifier is soldered onto the micro-optical bench with a PbSn (lead
tin) solder. The PbSn solder is typically melting at a temperature of 180°C and
is soldered with a temperature beyond 200°C. The soldering temperature is well
below the value of AuSn, so that reflow of the AuSn solder and any corresponding
motion of the master oscillator is avoided.

• (5) A SAC lens is used to couple a fraction of the collimated beam into the am-
plifier and is then loosely put down onto the micro-optical bench. The focusing is
optimized by increasing of the output power of the MOPA.

• (6) The fast axis of the amplifier output is collimated by a FAC and the lens is
glued. The two SAC lenses are loosely put down onto the micro-optical bench, to
obtain a fairly good collimated beam which can be coupled into a fiber to monitor
the optical spectrum or the wavelength.

• (7) The fast axis of the collimated output of the master oscillator is coupled into
the amplifier by one more FAC. This lens is typically adjusted by maximizing
the optical output power of the module. Before gluing, the optical spectrum, the
spatial distribution, and the linewidth are also measured. Typically, the point of
maximum output power is also a point where the optical spectrum and the spatial
distribution are optimal.

The SAC in front of the amplifier is adjusted by the same procedure and then
glued.
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6. Master Oscillator Power Amplifier System

The two loose SAC lenses behind the amplifier are adjusted in such a way that a
circular-shaped beam is obtained and are then glued.

• (8) The emission of the rear facet of the oscillator can be collimated by a pair
of micro-lenses as well. For the measurements presented, the output of the rear
facet has been dumped in order to avoid optical feedback (e.g. from the mount).
However, in future applications this beam might also be used, for example, for
monitoring or implementation of a phase or frequency stabilization.

Figure 6.4.: Assembly steps for the realization of a micro-integrated MOPA system. The
output of the master oscillator can easily be collimated since the amplifier
is soldered afterwards.

Accuracy of Positioning the Micro-Lenses

As mentioned before, FAC lenses are glued to the rails on the side whereas SAC lenses
are glued onto the micro-optical bench directly. That way the shrinking of the adhesive
during the curing process will move each of the lenses along their uncritical axes (the
lateral direction for the FAC and the vertical direction for the SAC). However, even then
a slight motion of the lenses into critical directions is still observed during the curing
process. The following discussion gives an estimate about what amount of motion can
be tolerated.

The normalized optical output power of the MOPA system versus the position of the
FAC preceding the power amplifier is depicted in fig. 6.5 for the vertical (left) and the
longitudinal direction (right). The 90% power content bandwidth ∆0.9 is 2.27 µm in
vertical and 42 µm in longitudinal direction. The ∆0.9 in vertical direction is small,
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since this corresponds to coupling into the small mode area of the waveguide structure.
The longitudinal axis is not as critical since such a motion only results in a motion of
the beam focus at the entry facet and, to first order, to a reduction of power density
across the mode area of the waveguide at the amplifier entry section.
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Figure 6.5.: (left) Normalized MOPA output power vs. vertical position of the FAC used
to couple into the power amplifier. (right) Normalized MOPA output power
vs. longitudinal position of the FAC (position 0 is closest to the power
amplifier).

The normalized optical output power of the MOPA system in dependence of the po-
sition of the SAC preceding the amplifier is depicted in fig. 6.6 for the lateral direction
(left) and the longitudinal direction (right). ∆0.9 corresponds to 30 µm and 290 µm in
lateral and in longitudinal direction, respectively. The movement of the SAC in longi-
tudinal direction shows a somewhat surprising behavior. A significant dip is observed
for a position closer to the laser chip than the maximum position. The cause of this dip
is not understood so far and should more carefully be observed within the future (these
measurements were only performed with one device so far).

The FAC and SAC lens preceding the amplifier need to be aligned precisely. In con-
trast, the positioning of the collimation lenses of the master oscillator is rather uncritical
for the performance since a misalignment can be corrected by the lenses preceding the
amplifier. The alignment of the three lens collimation system will only effect the quality
of the collimation but not the basic performance characteristics like power, spectrum,
and linewidth.
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Figure 6.6.: (left) Normalized MOPA output power vs. lateral position of the SAC used
to couple into the power amplifier. (right) Normalized MOPA output power
vs. longitudinal position of the SAC (position 0 is closest to the power
amplifier).
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6.2. Basic Characteristics

6.2.1. Power-Current Characteristics

The CW output power of the MOPA in dependence of the tapered amplifier section
current (IT A) is depicted in fig. 6.7 for various oscillator currents (IMO). The current
through the ridge waveguide preamplifier section was set to 200 mA as for all the mea-
surements presented in the following. For IMO = 50 mA the amplifier does not receive
a coherent input signal because the oscillator is driven below its threshold of 65 mA.
The power current characteristic for oscillator current settings beyond threshold shows
an exponential increase of the output power for IT A < 750 mA. For IT A > 750 mA (and
IMO > threshold) the slope is linear and corresponds to 0.79 W/A. The maximum output
power for IT A = 2 A corresponds to 1.25 W.

The conversion efficiency of the MOPA (including MO and PA but excluding thermal
management) in dependence of IT A is also presented in fig. 6.7 for IMO = 200 mA. The
power consumption of the MO and the preamplifier at these settings corresponds to
0.294 W and 0.338 W, respectively. The conversion efficiency is increasing for higher IT A

and reaches its maximum of 28% for IT A = 2000 mA (Pout = 1.25 W).

The MOPA-power in dependence on IMO is depicted in fig. 6.8 for various IT A. The
amplifier is saturated for IMO > 150 mA. The small signal gain corresponds to 23 dB
as obtained from the linear region slightly beyond threshold and by assuming that all
power behind the isolator is coupled into the amplifier.
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Figure 6.7.: Dependence of the optical output power and the conversion efficiency of the
MOPA module on the injection current into the tapered section of the am-
plifier for various oscillator currents. The current through the preamplifier
section is 200 mA. The conversion efficiency is obtained for IMO and IPre =
200 mA (corresponding power consumptions: 0.294 W and 0.338 W for the
MO and the preamplifier, respectively).
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Figure 6.8.: MOPA output power vs. the injection current into the master oscillator for
various tapered amplifier section injection currents.

6.2.2. Spectral Characteristics

The optical spectrum of the MOPA system in dependence on the oscillator injection cur-
rent is depicted in fig. 6.9 (left) for IT A = 2000 mA. A mode hop can be observed at IMO

= 70 mA. However, for injection currents in excess of 70 mA, the module features stable
single-mode operation up to IMO = 300 mA. The average wavelength shift is 0.7 nm/A
and the side mode suppression ratio exceeds 45 dB (for 70 mA < IMO < 300 mA).
Fig. 6.9 (right) shows the dependence of the optical spectrum on the injection current
into the tapered amplifier for IMO = 200 mA. A stable single mode operation is obtained
up to IT A = 2000 mA. This graph also shows an increase of the noise background with
increasing IT A. This excess noise background is due to spontaneous emission events
inside the amplifier that do not contribute to the main mode.
The optical spectrum of the master oscillator itself in comparison to that of the MOPA

is depicted in fig. 6.10 for IMO = 200 mA and IT A = 2000 mA. The only difference
between the two spectra lies in the higher ASE background of the MOPA-module. How-
ever, the spontaneous emission does not significantly affect the lasing mode because the
micro-isolator suppresses optical feedback into the master oscillator. The spectrum of
the oscillator is amplified without any modification of its spectral behavior except for
the excess ASE background.
The dependence of the optical spectrum on the temperature of the mount is depicted in
fig. 6.10 (left) (right) for IMO = 200 mA and IT A = 2000 mA. The MOPA system can
continuously be tuned over 1.4 nm by a temperature swing from 15 to 35 °C. The drift
of the spectrum is linear with a slope of 0.07 nm/K. The side-mode suppression ratio
exceeds 45 dB for all temperature settings.
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Figure 6.9.: Optical spectrum of the MOPA system. (left) Optical spectrum vs. in-
jection current of the oscillator IMO for an injection current through the
tapered amplifier section IT A = 2000 mA. (right) Optical spectrum vs. IT A

for IMO = 200 mA. The spectra are normalized to the total peak of all
emission spectra.
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Figure 6.10.: (left) Comparison of the single optical spectrum of the DBR master os-
cillator to that of the MOPA. Both spectra are normalized to the overall
peak values. (right) Optical spectrum of the MOPA system in dependence
on the temperature of the mount. The drift of the spectrum is mode hop
free with a slope of 0.07 nm/K. Each spectrum is individually normalized.
The temperature resolution corresponds to 1 K.
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6.3. Linewidth

The linewidth measurement results presented within this section are main results achieved
within this work. All efforts like designing and implementing a sophisticated linewidth
measurement setup, realizing a stable solitary semiconductor laser source, and designing
and implementing a high power narrow linewidth laser source are combined.

RF beat note spectra of two nominally identical MOPA systems are presented in
fig. 6.11 (left) and the corresponding frequency noise spectra in fig. 6.11 (right). The
RF-spectra are similar to the ones presented in 5.3.3, however, without the additional
pick-up noise contributions. The reduction of technical noise for the MOPA systems is
attributed to the improved electrical decoupling of the oscillator from the measurement
environment.
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Figure 6.11.: Beat note measurements of two MOPA modules for various injection cur-
rents through the oscillator for IT A = 2 A. (left) RF spectra. (right) Fre-
quency noise spectra.

The FWHM linewidth and the intrinsic linewidth in dependence on the oscillator
output power are depicted in fig. 6.12 (left). As already presented in 5.3.3, the FWHM
linewidth remains almost constant. However, due to the reduced pick up noise, a smaller
FWHM linewidth is observed corresponding to a mean value of 100 kHz. The intrinsic
linewidth is decreasing with a 1/P dependence with a minimum of 3.6 kHz at an oscillator
power of 85 mW. The output power of the MOPA module at these current settings
corresponds to 1.25 W.

The FWHM and the intrinsic linewidth in dependence on the injection current into
the tapered amplifier section are depicted in fig. 6.12 (right). Within the sensitivity of
the measurement setup no variation of the linewidth with injection current is observed
up to IT A = 2 A.

To our knowledge these are the best results of semiconductor-based master oscillator
power amplifier concepts with a free running master oscillator reported in the litera-
ture so far. Furthermore, to our knowledge, this is the first demonstration of a micro-
integrated MOPA system where feedback effects are suppressed by a micro-isolator.

96



6.3. Linewidth

10 20 40 60 80 100
1

10

100

 

 
lin

ew
id

th
, 

[k
H

z]

optical output power MO [mW]

 intrinsic linewidth
 FWHM linewidth

500 1000 1500 2000
1

10

100

 

 

lin
ew

id
th

, 
 [k

H
z]

injection current TA, ITA [mA]

 intrinsic linewidth
 FWHM linewidth

Figure 6.12.: (left) Spectral linewidth vs. the injection current of the oscillator for
IT A = 2 A. (right) Spectral linewidth vs. the injection current of the ta-
pered amplifier for IMO = 200 mA.

The linewidth of optically pumped solid state lasers can still be superior as presented
in Appendix C. However, the linewidth of semiconductor lasers can be reduced to below
1 Hz by external cavities [52] and furthermore, semiconductor lasers provide a variety
of other advantages like, compactness, mechanical stability, and possibility of direct
modulation.

Additionally, our experiments showed that our MOPA systems are extremely insen-
sitive to external optical feedback owing to the micro-isolator. For instance, linewidth
measurements performed without the external optical isolator of the measurement setup
typically only show minor modifications of the RF beat note spectrum due to external
optical feedback. In comparison, solitary semiconductors can not be measured without
the external optical isolator at all. The size, weight, and cost of a system can signifi-
cantly be reduced if no external optical isolator is required. In addition, the immunity
to external optical feedback could further be improved by replacing the 30 dB isolator
by a 60 dB isolator.
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6.4. Long Term Frequency Stability

For coherent optical communication, the long term frequency stability is important in
order to keep the beat note signal within the bandwidth of the processing electronics so
that additional frequency compensation circuits can be omitted.

The long term stability of the MOPA system is determined by a combination of the
stability of the measurement setup, the stability of the MOPA system, and the stability
of the master oscillator.

Influences caused by the measurement setup are fluctuations of the injection current,
temperature fluctuations of the heat sink, or temperature fluctuations within the mea-
surement environment caused by air conditioning or convective flow of heat.

Long term instabilities of the MOPA system itself might be caused by a thermal
crosstalk between the power amplifier and the master oscillator or by time dependent
strain effects.

As explained in 5.2.3, longer cavities make lasers less sensitive to injection current
fluctuations. A proper master oscillator design can therefore also help to improve the
long term frequency stability of a MOPA.

In general, however, temperature variations of the master oscillator are considered to
be the main cause of long term frequency drifts.

The long term stability has been measured with a wavemeter as described in 4.1.3.
The MOPA system is mounted onto the holder described in 4.3 and the measurement has
been performed on the linewidth measurement setup platform of 4.3. The measurement
has been carried out at a temperature of 25°C, IMO = 200 mA, IP re = 200 mA, and
IT A = 2000 mA. The measurement has been carried out after the system has already
been run with identical current- and temperature settings for 15 minutes.

The deviation of the emission frequency over time from its initial value is depicted in
fig. 6.13. The emission frequency remains within a window of 300 MHz over more than
3.5 h. From 30 minutes to 120 minutes the deviation is as small as 100 MHz. The peak
close to 120 minutes is most likely caused by a person that moved close by the setup.
It should be noted, that up to a measurement time of 150 minutes the laboratory was
in use by several colleagues whereas all people left the laboratory for the rest of the
measurement.
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Figure 6.13.: Long term stability of emission frequency. The measurement was carried
out with a wavemeter.
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6.5. Beam Quality

This work did not focus on improving or optimizing the beam quality. However, the
beam quality of a laser system is an important parameter for coherent optical commu-
nication, since only the Gaussian-shaped fraction of the beam can be transmitted over
long distances. In other words, the output power required for an optical communication
link increases when the beam quality decreases.

The ridge waveguide master oscillator typically features an almost diffraction limited
beam and the input into the amplifier can thus be considered to have a Gaussian-shape.
Furthermore, the input into the amplifier is spatially filtered by the ridge waveguide
preamplifier section. In contrast, a tapered amplifier section typically does not emit a
pure Gaussian-shaped beam and the beam quality is therefore mainly determined by its
characteristics.

Intensity distributions of the collimated beam (as obtained by the beam master system
BM-7 (UV) PCI, Coherent) of the MOPA system are depicted in fig. 6.14 in lateral as well
as in vertical direction for various IT A. For IT A = 1000 mA side lobes in lateral direction
are observed that are less pronounced for IT A = 1680 and 2000 mA. No significant side
lobes are observed in vertical direction.
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Figure 6.14.: Intensity distribution of the collimated beam of a MOPA system in lateral
as well as in vertical direction for various injection currents into the tapered
amplifier section.

The beam quality is often described by the parameter M2 which is a measure of the
deviation of a beam profile from a diffraction-limited Gaussian beam. It is defined by
the equation:

d0Θ

4
= M2 ∗ λ

π
(6.1)

where d0 is the beam waist (diameter), Θ the full divergence angle, and λ the wave-

100



6.5. Beam Quality

length.
The M2 value of a real laser is typically larger than one. The larger the M2 the larger

the minimum spot size the beam can be focused to.
The M2 value of the MOPA system is obtained with a beam propagation analyzer

(Spiricon, M2-200s) and the results are depicted in fig. 6.15 for various IT A. The M2

value is derived by the method of second moments [124].
The lateral M2 value is reduced from 2.4 to 1.9 for an increase of IT A from 1000 mA

to 2000 mA. This reduction is most likely caused by the reduction of the first side lobe
(observed in fig. 6.14). The vertical M2 value lies around 1.2 for all IT A. It should be
noted, that the test beam that enters the Spiricon is already spatially filtered by the
Spiricon aperture and the long distance from the MOPA system to the input of the
Spiricon by about 1 m.

Apparently, an astigmatism is observed which is reduced for higher IT A. This reduc-
tion is attributed to the fact that the adjustment of the optics of the module has been
carried out at IT A = 2 A.
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Figure 6.15.: Caustical measurements of the MOPA system at various tapered amplifier
injection currents.

The M2 value does neither entirely describe the actual beam quality nor can a fiber
coupling efficiency be calculated from it. Furthermore, the M2 strongly depends on its
definition. However, this is the value generally given in the literature and in most cases
a lower M2 indeed allows a higher fiber coupling efficiency.
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6. Master Oscillator Power Amplifier System

6.6. Lifetime Tests

The components of a coherent optical communication terminal in space are required to
provide lifetimes of more than 10000 hours. As a first test, two MOPA systems were
aged for 1000 h. The tests were carried out at a mount temperature of 35 °C, since this
temperature is closer to the expected temperature within an LCT in space and further
higher temperatures speed up the aging process. The injection currents through the
master oscillator and the preamplifier section of the power amplifier were 200 mA and
the current through the tapered amplifier section of the power amplifier was 2000 mA.

Both devices were aged over a lifetime of 1000 h as can be seen in fig. 6.16. MOPA 1
exhibited a slight output power decrease over the measurement time whereas MOPA 2
constantly emitted an output power of 1150 mW over the entire measurement time. A
linear fit to the characteristic of MOPA 1 between 200 and 1000 h resulted in 7000 h
operation time until the output power has dropped to 80% of its initial value.

The optical output power of MOPA 1 in dependence on IMO is depicted in fig. 6.17
(right) before and after aging. The decrease of the output power can be observed as
well, however, the basic characteristic is left unchanged. The optical spectrum before
and after aging in dependence of IMO is presented in fig. 6.18. No noticeable modification
can be observed. The influence of the aging onto the linewidth will be discussed in 6.7.
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Figure 6.16.: Aging of two MOPA systems at IMO = 200 mA, IP re = 200 mA,
IT A = 2000 mA, and at a temperature of 35°C. Both devices feature a
minimum lifetime of 1000 h.
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6.7. Vibrational Tests

6.7. Vibrational Tests

Besides lifetime tests, space-application furthermore requires the laser system to reliably
withstand vibrational loads that are typical for the launch and the operation of the
satellite. These loads are individually defined for each mission and mainly depend on
the spacecraft and the type of application (e.g. commercial or research).

The small size of the components is beneficial in terms of mechanical stability since
the ratio between mass and surface area (area that can be used for gluing) decreases
when the component size decreases.

The vibration tests were performed in several steps. The output power has been
monitored after each step and no significant modification was observed.

• In a first step typical random vibrational loads of a sounding rockets mission have
been applied. The overall vibration load is 8 gRMS and has been applied to all
three axes for 120 s. One MOPA system has been tested with these specifications
and no influence was observed. The detailed specifications of the vibrational load
can be found in Appendix D.

• In a second step random vibration loads with 21 gRMS (specifications in Appendix
D) are applied in all three axes for 180 s.

• In the following, pyro-shocks in all three axes were performed (specifications in
Appendix D). One module was tested with 3 shocks.

• Finally, random vibration loads with 29 gRMS (specifications in Appendix D) are
applied in all three axes for 180 s.

The vibration loads of 21 gRMS, the pyro-shocks specifications, and the 29 gRMS loads
are comparable to specifications required for space qualification of a LCT laser source.

Two MOPA systems emitting at 1060 nm, other test modules, and acceleration sensors
mounted on a shaker are depicted in fig. 6.17 (left).

No significant modification of the optical output power was observed after vibration
loads of 21 and 29 gRMS and after pyro-shocks, see fig. 6.17 (right).

Optical spectra of a MOPA system in dependence on the injection into the oscilla-
tor (IP re = 200 mA, IT A = 2000 mA, T = 25°C) are presented in fig. 6.18 (left) after
assembly, after 1000 h of operation, and after vibration loads of 21 gRMS, pyro-shocks,
and 29 gRMS. No significant modification of the spectral characteristics can be observed.
The injection currents at which mode-hops occur did not significantly change. This is
important for an application, since the same working point can be used at each use of
the module.

The FWHM linewidth as well as the intrinsic linewidth before and after stress con-
ditions are depicted in fig. 6.18 (right). MOPA 1 and MOPA 2 are characterized after
1000 h of operation, and MOPA 1 after additional vibration loads of 21 and 29 gRMS

and after pyro-shocks. The FWHM linewidth remains identical within the measurement
resolution. The intrinsic linewidth, however, is slightly increased after stress. Since self-
delayed-heterodyne linewidth measurements did not show a modification of the linewidth
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Figure 6.17.: (left) Photograph of the shaker carrying the MOPA systems and other test
modules. (right) Optical power in dependence on IMO for IT A = 2000 mA
and a temperature of 25°C. Characteristics are presented after assembly,
after aging, and after vibration loads (21 gRMS, pyro shock, and 29 gRMS).

throughout vibration loads, the increase is attributed to aging. Most likely, a decrease of
the oscillator output power is responsible for the modification of the intrinsic linewidth.
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Figure 6.18.: (left) Optical spectra of the MOPA system in dependence on the injection
current into the oscillator (IP re = 200 mA, IT A = 2000 mA, T = 25°C). Top:
spectrum after assembly, middle: spectrum after aging, bottom: spectrum
after vibration loads. All spectra are normalized to the overall peak values.
(right) FWHM and intrinsic linewidth vs. IMO before and after aging and
vibrational loads.
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7. Conclusion and Outlook

7.1. Conclusion

A novel micro-integrated master oscillator power amplifier laser system for application
in coherent optical communication has been developed. The fully semiconductor-based
MOPA system provides stable narrow linewidth emission as well as compactness and
mechanical stability.

Linewidth measurements have been performed with a self-delayed heterodyne and a
heterodyne measurement setup. The development of this setup was a subject of this work
as well. The opto-mechanical linewidth measurement setup, that was jointly designed
and set up with Max Schiemangk ("AG Optische Metrologie, Humboldt Universität zu
Berlin"), suppresses technical noise contributions to a great extend. Influences of optical
feedback onto the linewidth measurement can be revealed. Frequency noise spectra with
virtually unlimited resolution have been recorded by "weakly" frequency locking the two
lasers. Evaluation of the RF beat note spectrum and the frequency noise spectrum
provides a detailed insight into linewidth characteristics of the semiconductor laser and
intrinsic white noise contributions could be separated from technical noise.

Distributed feedback lasers were compared to distributed Bragg reflector lasers with
respect to their suitability as a master oscillator in a master oscillator power amplifier
setup. Both laser structures show stable single mode operation with a side mode suppres-
sion ratio exceeding 45 dB and output powers exceeding 100 mW. The intrinsic linewidth
follows the theoretically expected 1/P-dependence whereas the FWHM linewidth slightly
increases for higher output powers. In contrast to common literature the increase of the
FWHM linewidth with increasing output power was attributed to excess noise of the
injection current noise with increasing injection current.

DFB lasers with a cavity length of 2 mm feature an intrinsic linewidth of 7 kHz at an
output power of 116 mW and a minimum FWHM linewidth of 280 kHz at 65 mW. In
contrast DBR lasers with an overall length of 4 mm (gain: 3 mm, grating: 1 mm) and
a front facet reflectivity of 30 % feature a record intrinsic linewidth as small as 2 kHz
and a FWHM linewidth of only 180 kHz. The DBR laser can continuously be tuned by
450 GHz.

Due to their extraordinarily small linewidth and their potential of being less sensitive
to optical feedback, DBR lasers were used as master oscillators for the MOPA systems.
The MOPA concept is micro-integrated on a footprint of 50 x 10 mm2. A micro-isolator
between the oscillator and the power amplifier suppresses optical feedback effects. The
MOPA features an output power of more than 1 W in stable single mode operation.
The spectral characteristics of the oscillator have been reproduced without significant
modification of the spectral properties. At an output power of 1.25 W the intrinsic
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linewidth is as small as 3.6 kHz and the FWHM linewidth is as narrow as 100 kHz.
Furthermore, aging tests of the MOPA systems over 1000 h suggest, that an overall
lifetime in excess of several thousand hours can be expected. Vibrational loads typical
for space qualification tests did not affect the MOPA system performance.

We hence believe, that these MOPA systems are ideal laser sources for coherent optical
communication in space.

7.2. Outlook

The performance of the MOPA system presented here pretty much meets the require-
ments for coherent optical communication applications in space. However, the charac-
teristics can further be improved as follows:

The output power in combination with the beam quality can be improved by opti-
mizing amplifier geometries like section lengths or opening angle. The linewidth can be
reduced by realizing master oscillators with even longer cavity lengths or higher facet re-
flectivities. If the cavity length of a monolithic laser can not further be increased then an
extended cavity laser could be used. The size of the MOPA system can be reduced by a
redesign of the optical setup. It would further be advantageous to implement a fiber cou-
pling within a space-qualified package. As mentioned before, the micro-isolator needs to
be space qualified and if no external isolator is used a double-stage micro-isolator could
further reduce feedback sensitivity.

Furthermore, the origin of the physical effects that determine the FWHM linewidth
need to be discussed in more detail. In particular it should be investigated whether the
semiconductor laser itself also contributes to the technical noise and thus to the FWHM
linewidth.

Coupling 1 W of optical power through a single mode fiber reliably is considered to be
challenging. Large mode field fibers might accept higher power levels, however, it remains
to be investigated whether coupling over several thousand hours can be realized. Fiber
coupling could be avoided by designing the LCT to emit into free space. However, in
this case the signals phase modulation will have to be introduced on the micro-optical
bench itself. Phase modulation can be realized by integrating a LiNbO3 crystal into the
micro-optical bench. The preamplifier section of the amplifier might also be used for
phase modulation, however, it remains uncertain if the desired modulation depth and
modulation speed can be provided.

A micro-integrated narrow linewidth laser source for integration in a coherent optical
communication system might be realized as depicted in fig. 7.1 (left). An electro-optic
modulator (EOM) is providing a fast phase modulation on the micro-optical bench
directly. The EOM is located after the isolator to avoid any optical feedback from the
EOM to the master oscillator. This location also ensures that only relatively low power
levels need to be modulated. The MOPA output is collimated by a macroscopic lens
as can be seen in fig. 7.1 (right). The amplifier is followed by a slow axis (SAC) lens
in order to correct the astigmatism of the power amplifier. The proper way to mount
the macroscopic lens is not discussed here, however, it would have to be mounted in a
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mechanically stable way.
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isolator

SAC

MOPA system
macroscopic
lens

Figure 7.1.: Outlook of a possible implementation of a semiconductor based laser source
for the use in coherent optical communication.

A shortcoming of the MOPA system presented in chapter 6 is that the emission fre-
quency can only be tuned by adjusting the temperature of the entire system, including
the CCP. This tuning is slow, since the entire device needs to be heated. Furthermore the
output power of the system depends on the mount temperature since the performance
of the amplifier is temperature dependent. To increase the tuning speed and to decouple
the system temperature from the emission frequency, heater section can be placed next
to the grating as depicted in fig. 7.2 (left) and already presented in the literature [125].

First experimental results look promising as can be seen in fig. 7.2 (right). The heater
consists of small electric stripes with widths of 30µm which are located next to the
grating. The electric current flowing through the stripe heats up the adjacent area
including the grating. The wavelength can be tuned by 2.5 nm by the heater section.
However, the tuning is not continuous so far, and a "smart" simultaneous tuning of the
injection current, the mount temperature, and the current through the heater sections
will most likely be required to obtain fast continuous tuning over a wide wavelength
range.

The frequency noise spectra recorded by the method described in 4.2.3 are only valid
for large carrier offset frequencies. However, for an application like spectroscopy the
close-in phase-noise might be of more importance.

Some RF spectrum analyzer can be used to record I-Q data carrying time resolved
instantaneous phase information. The Fourier transform of the instantaneous phase
yields the frequency noise spectrum which is also valid at small carrier offset frequencies.
Further, amplitude and phase noise can be separated by this method.

107



7. Conclusion and Outlook

2 heater sections

heater

contacts

0 100 200 300 400 500
1061.5

1062.0

1062.5

1063.0

1063.5

1064.0

1064.5

 

 

w
av

el
en

gt
h 

[n
m

]

heater current [mA]

I = 200 mA
T = 25°C

Figure 7.2.: (left) DBR laser with heater section (not to scale). (right) First results of
the tuning characteristics by the heater section. The emission wavelength
as obtained by a wavemeter is plotted vs. the current through the heater
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B. Modes of a DFB laser

In the following the dependence of the threshold gain and the mode discrimination of a
DFB laser in dependence of the facet-grating phase of the rear facet will be presented.

The threshold gain and the detuning from the Bragg condition of three modes on
either sides of the stop band are shown in fig. B.1 with κL (κ: coupling coefficient of
the grating, L: length of the cavity) as a parameter. The simulations are carried out as
described in [68]. Fig. B.1 (left) and (right) present simulation results for a DFB laser
with a rear facet-grating phase ΦL = 0 and π/2, respectively. For a given κL, the mode
with the lowest threshold gain will start to oscillate (modes possible are marked for κL
= 0.2 and 0.4). For ΦL = 0 the mode m = -1 exhibits the lowest threshold gain and thus
a single mode operation can be expected. In contrast, for ΦL = π/2 the modes m = -1
and m = 1 have the same threshold gain and thus oscillation of both modes would be
supported. Accordingly, depending on the facet-grating phase, DFB lasers with a high
reflective coating on the rear side can either emit in a stable single mode or theoretically
in two modes. Note, that well above threshold typically only one mode would lase for
ΦL = π/2 as well, however, mode hops between the two modes are likely to happen.
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Figure B.1.: Threshold gain and detuning from Bragg condition for three modes on each
side of the stop band of DFB lasers with κL as a parameter. (left) DFB
laser with RL = 0.95, R0 = 10−4, ΦL = 0, Φ0 = 0. (right) DFB laser with
RL = 0.95, R0 = 10−4, ΦL = π/2, Φ0 = 0.

111





C. Linewidth Compared to an Optically

Pumped Solid State Laser

Current coherent LCT demonstrators in space make use of Nd:YAG NPRO laser sources.
In the following, the linewidth results of the MOPA systems presented in 6.3 are there-
fore compared to commercially available free-running NPRO lasers (Lightwave 122 and
Lightwave 124) that have been provided by the "AG Optische Metrologie, Humboldt
Universität zu Berlin". Heterodyne linewidth measurement results with a "weak" lock
are depicted in fig. C.1. For comparison, the results of the MOPA systems are also
displayed. The negative feedback signal, required for the "weak" lock, was fed into the
fast modulation port of the NPRO drivers.

The FWHM linewidth corresponds to 130 kHz and 6 kHz for the micro-integrated
MOPA systems and the NPRO lasers, respectively as obtained by the linear plot (fig.
C.1 (left)) of the RF beat note spectrum (note that this is the linewidth of the beat note
signal and not that of a single laser).

The logarithmic plot (fig. C.1 (right)) reveals pronounced peaks that most likely are
caused by injection current noise.
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Figure C.1.: Comparison of RF beat note spectra of optically pumped solid state lasers
(NPRO) with the micro-integrated MOPA laser systems. (left) Linear scale.
(right) Logarithmic scale.

Even if the linewidth results presented within this work are, to our knowledge, the
best that have been achieved for semiconductor lasers so far, the results presented in
fig. C.1 show that optically pumped solid state lasers can still provide a narrower
linewidth. However, as presented in table 2.1, these extremely narrow linewidths are not
required for coherent optical communication. Furthermore, if required, the linewidth of
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semiconductor lasers can be reduced by electrical feedback or by locking to an external
cavity. In addition, semiconductor lasers provide a variety of other important advantages
compared to NPRO lasers already mentioned in the introduction like compactness, high
efficiency, mechanical stability, and direct modulation capability.
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D. Vibration and Shock Loads

• 8 gRMS, all three axes, for 120 s:

20 Hz-400 Hz 0.0045 g2/Hz
400 Hz-600 Hz 0.0675 g2/Hz
600 Hz-1300 Hz 0.0045 g2/Hz
1300 Hz-2000 Hz 0.0675 g2/Hz

• 21 gRMS, all three axes, for 180 s:

20 Hz 0.11 g2/Hz
20 Hz-50 Hz +6 dB/oct
50 Hz-300 Hz 0.7 g2/Hz
300 Hz-500 Hz -7.4 dB/oct
500 Hz-1000 Hz 0.2 g2/Hz
1000 Hz-2000 Hz -6 dB/oct
2000 Hz 0.05 g2/Hz

• Pyro shocks, all three axes:

100 Hz 20 g
1500 Hz 1500 g
10000 Hz 1500 g
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• 29 gRMS, all three axes, 180 s:

20 Hz-70 Hz +6 dB/oct
70 Hz-300 Hz 1.35 g2/Hz
300 Hz-406 Hz -12 dB/oct
500 Hz-1100 Hz 0.4 g2/Hz
1100 Hz-2000 Hz -12 dB/oct
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E. List of Abbreviations and Symbols

The following abbreviations and symbols are widely used within this work:

Abbreviations

Al aluminum
As arsenide
BPSK binary phase shift keying
COD catastrophical optical damage
DBR distributed Bragg reflector
DFB distributed feedback
DLR Deutsches Zentrum für Luft- und Raumfahrt e. V.
ECDL external (sometime also called extended) cavity diode laser
ESA European space agency
FWHM full width at half maximum
Ga gallium
GEO geostationary orbit
In indium
LCT laser communication terminal
LEO low earth orbit
MOPA master oscillator power amplifier
NPRO nonplanar ring oscillator
PSK phase shift keying
RF radio frequency
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E. List of Abbreviations and Symbols

Symbols

α linewidth enhancement factor
αeff effective linewidth enhancement factor
γ FWHM of Lorentzian signal power spectrum
∆f frequency detuning from carrier
∆ν spectral linewidth
∆νsp intrinsic spectral linewidth
∆νtechnical technical linewidth
κ coupling coefficient of the grating
λ wavelength
ν photon frequency
Φ phase of an optical field
Φ0 front facet-grating phase
ΦL rear facet-grating phase
ω angular frequency of an optical field
c vacuum speed of light
f frequency
Fwhitenoise constant floor in frequency noise spectrum
h Plancks constant
I injection current
IMO injection current into master oscillator
Iphot total number of photons in the laser mode
IP re injection current into the ridge waveguide preamplifier section
IT A injection current into tapered amplifier section
k amount of 1/f noise
K longitudinal spontaneous emission enhancement factor
L length of the cavity
ng group index
nsp spontaneous emission factor
P optical power
q elementary charge
Rf reflectivity of front facet
RL reflectivity of rear facet
Rsp rate of spontaneous emission into the lasing mode
S0 amount of white noise
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F. List of Lasers and Laser Systems

In the following, the FBH internal nomenclature of the devices used in this work are
given.

Type length Rf Rr presented in figures charge testing bar diode
field

DFB 1 mm AR 95% 5.3, 5.8 (left) C1421-6-1 06 18 08
DFB 1 mm AR 95% 5.3, 5.4 (left), 5.5 (left), C1421-6-1 06 18 09

5.6, 5.8 (left)
DFB 2 mm AR 95% 5.3, 5.7, 5.8 (right) C1421-6-1 06 16 08
DFB 2 mm AR 95% 5.3, 5.4 (right), 5.5 (right), C1421-6-1 06 16 09

5.7, 5.8 (right)
DBR 4 mm 1% AR 5.10, 5.11 (left), 5.12 (left), C1353-3 00 02 03

5.14, 5.15
DBR 4 mm 30% AR 5.10, 5.11 (right), 5.12 (right), C1353-3 00 01 01

5.13, 5.16, 5.17
DBR 4 mm 30% AR 5.10, 5.16, 5.17 C1353-3 00 01 02

MOPA 1 6.7, 6.8, 6.9, 6.10 (left), 6.10 (right)
MO: DBR 4 mm 30% AR 6.11, 6.12, 6.14, 6.15, C1353-3 00 01 03

PA: TA 4 mm AR AR 6.16, 6.17 (right), 6.18 C0385-3 04 05 18
MOPA 2

MO: DBR 4 mm 30% AR 6.11, 6.12, 6.16, 6.18 (right) C1353-3 00 03 02
PA: TA 4 mm AR AR B1072-3 04 01 18
MOPA 3
MO:DBR 4 mm 30% AR 6.5, 6.6, 6.13 C1353-3 00 03 09
PA: TA 4 mm AR AR B1072-3 04 08 19

Table F.1.: List of devices according to FBH nomenclature and their appearance in
graphs.
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