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Abstract
The research work presented in this thesis deals with characterization of
dynamics of active photonic devices that are based on semiconductor
materials. The thesis contains an introduction and a collection of published
articles in peer reviewed international journals and conferences.
The introduction starts with the physical background and a review of the
semiconductor material properties which both affects the design and
fabrication of the devices and determine their performance in applications
such as wavelength, optical power and attenuation, drive current and
voltage, temperature sensitivity and modulation bandwidth.
The next chapter of the introduction is dedicated to various kinds of
semiconductor lasers. It describes the physical principles, steady state
operation and the dynamical response. The laser is essentially an optical
cavity consisting of a material with optical gain inbetween two reflective
mirrors. Special attention is given to the spectral shape of the mirror
reflectivity and its effect on the laser dynamics and how these effects can
be distinguished from those of the gain material.
In order to improve dynamic performance, it is common that the laser,
instead of being directly modulated by varying the drive current, is
connected to a separate modulator. The next chapter is therefore devoted
to electroabsorption modulators for high speed intensity modulation and
their integration to lasers. In order to fully take advantage of the high
intrinsic modulation bandwidth of these devices it is important to have
a good microwave design to avoid electrical parasitics. A segmented pad
design to achieve this is briefly described.
The last part of the introduction covers measurements techniques that were
implemented to experimentally investigate above devices. A description of
the measurement methods, including practical hints and methods for
evaluation of the measured results are provided.
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Chapter 1
Introduction
1.1 Background and Motivation
The requirements on information were pushing the development work of
communication devices. Due to low signal attenuation and total galvanic
isolation, the optical fibers become the most popular connection medium. It
was also due to a significantly lower weight of fiber compared to copper
wire and resistance to environmental conditions. The fibers provided a way
to reach high speed and long distance transmission since photons are more
attractive than electrons for transmission purposes due to their much
weaker interaction with each other, with matter and with external electrical
fields. Data storage (i.e. optical discs) and data access are also interesting
application fields for photonic materials and devices.
Active, passive and integrated optical devices are key items of the modern
information driven society. The active devices such as semiconductor
lasers, modulators, detectors, signal converters and optical amplifiers, are
used for sending, receiving, amplifying or processing signals in the form of
optical pulses. The passive elements, e.g. couplers, are utilized for
wavelength division and splitting. Gratings are used for wavelength and
polarization filtering. Integration is beneficial for size and cost reduction and
device operation. The gratings are used as building blocks in passive and
active devices such as lasers providing necessary feedback and supporting
laser operation at a single wavelength, which is a crucial property of
a transmitter for long distance high bit rate optical communication. It is
essential to evaluate both the material and the structure properties together
with measurements of performance of such active and passive optical
devices. A complete set of information of all values, and knowledge of their
relations, influences the development of the material technology and
design.
Measurements of device performance with respect to the application
purposes is equally important as measurements of other properties, since
the results give the true performance of the component but also influence
packaging and other components in the system. The practical problems
driven by the application emphasize some of the necessary measurements,
but many other various tests need to be performed to get into the physics of
the device and becomes a useful tool for the design and simulation of both
isolated and integrated optical devices. Hence the broad range of
measurements creates a point of further improvements and reduction of
shortcomings in design and manufacturing stages. Measurements are also
helpful for discovering and utilizing new physics applied to overcome
limitations created by present devices and technology.
The aim of this work is to guide the reader through characterization
techniques that are used to obtain device parameters as well as for
evaluation of the components and the applied physics presented in the
papers.
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1.2 Thesis Organization
This thesis is supported by the research papers that have been already
published or submitted for review to different international research journals
and conferences, all reviewed by experts. The chosen manuscripts are
included at the end of the thesis. A short and general introduction and
motivation to the research subject is already described in Chapter 1.
Chapter 2 provides information about the semiconductor materials, physics
and effects utilized in the devices. The component application area is
indicated to essentially consider the choice of both the material and the
structure. The principles of the active devices are briefly discussed. Chapter
3 introduces the reader to laser phenomena. It explains the basics
dynamics such as rate equations and provides deeper understanding of
more complex structures. Chapter 4 is dedicated to modulators and
continues the discussion on integration. Measurements methods and
parameter extraction are described in Chapter 5. There the experimental
setups are presented, indicating points where more attention is a merit. As
the final evaluation of the device, large signal properties are investigated.
The thesis is summarised in Chapter 6 and some research plans to further
extend the device performance are highlighted. Chapter 7 contains a brief
summary of the original work and explanation of the author's own
contribution to each publication.
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Chapter 2
Background on semiconductor optical devices
Laser operation was first proposed by Shawlow and Townes in 1958 [1] and
demonstrated by Maiman in ruby crystal in 1960 [2]. The break through in
this area can be attributed to the semiconductor technology that offered first
laser chips in 1962 [3] and [4]. The lasers were attractive light sources due
to the good properties of the beam such as coherence, monochromatic
character, and high power density.
The basic electronic processes that involve light are recombination and
generation, valid for photon emission and absorption, and occur between
the conduction (EC) and the valence (EV) energy states. They are
spontaneous and stimulated recombination (spontaneous and coherent
photon emission), and stimulated generation (photon absorption). The
effect that does not involve any photon is called nonradiative recombination.
These are illustrated in figure 2.0a.

Fig 2.0a Radiative and nonradiative electronic transitions.
The solid circles represent electrons and the open holes (a missing
electron), and the zigzag arrows denote photons. The electrons and holes
mostly occupy the band only slightly above and below the band edges,
respectively. The charge distribution is given by the density of states and
energy levels, which is associated to material and operation conditions (i.e.
temperature). The photon generated or absorbed by the excitonic transition
is equal to the energy change between the energy levels and hence larger
than the energy gap (Eg= EC-EV). During the recombination the electron will
annihilate the hole, so for the next event to happen another pair is
expected, and carriers need to be injected. In analogy, for absorption the
incident photons excite electron-hole pairs, which have to be removed to
give space for another action. For efficient light generation, i.e. lasing, the
stimulated recombination process should be the dominant one. This
requires that photons trig electrons from excited states, hereby creating an
additional photon with the same energy and phase as the incident one. This
process can be compared to an avalanche and further enhanced by
illumination (e.g. optical amplification). But absorption and nonradiative
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recombination might occur even if some pumping populates the conduction
band. The condition when stimulated recombination is equal to the
absorption (R12=R21) physically means neither amplification nor absorption
of the incident light and is called transparency and the carrier density is
noted by Ntr. Also a photon spontaneously (incoherently) created in one
place is an incident light at another and can be the origin for the stimulated
(coherent) recombination, but spontaneous effects take place in several
points reducing the number of available electrons and holes and replacing
the stimulated process. In order to achieve stimulated emission from
a photon caused by the spontaneous recombination the light is confined in
a waveguide and form a beam that bounces forth and back between
mirrors, but a more detailed description and other effects will be provided
later. In other words the basic principle of the laser is to create conditions
where the number of electrons in the upper energy state is large (so called
population inversion) allowing a random photon to be cloned.
Absorption is fundamental to the operation of electro-absorption modulators
and photodiodes, and is used in optically pumped lasers. The free carriers
are generated by incident photon energy and either removed by applying an
external electrical field, or eventually they recombine resulting in
spontaneous or stimulated photon emission.

2.1 Semiconductor active materials
There are various materials used in optoelectronics. In most of cases, the
choice of material depends on the energy gap (inversely proportional to the
wavelength) demanded by application. Typical examples are in II-VI and IIIV types and shown below.
Material

Type

Substrate

Si
SiC
Ge

IV
IV
IV

Si
SiC
Ge

GaAs

III-V

GaAs

AlGaAs
GaInP
GaAlInP
GaP
GaAsP
InP
InGaAs
InGaAsP
InAlAs
InAlGaAs
GaSb/GaAlSb
CdHgTe
ZnSe
ZnS

III-V
III-V
III-V
III-V
III-V
III-V
III-V
III-V
III-V
III-V
II-VI
II-VI
II-VI
II-VI

GaAs
GaAs
GaAs
GaP
GaP
InP
InP
InP
InP
InP
GaSb
CdTe
ZnSe
ZnS

Devices
detectors,
photoelectric cells
blue LEDs
Detectors
lasers, detectors,
photoelectric cells,
lasers, detectors,
photoelectric cells
Lasers
Lasers
LEDs
LEDs
photovoltaic cells
Detectors
lasers, LEDs
lasers, detectors
lasers, detectors
lasers, detectors
Detectors
LEDs
LEDs
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Wavelength
(μm)
0.5-1
0.4
1-1.8
0.85
0.67-0.98
0.5-0.7
0.5-0.7
0.5-0.7
0.5-0.7
0.9
1-1.67
1-1.6
1-2.5
1-2.5
2-3.5
3-5 & 8-12
0.4-0.6
0.4-0.6

A discussion here about the connections between atoms a crystal lattice
(bandgap etc.) will be lengthy and complex, and would divert from the
subject of dynamic characterization which is the main focus of this thesis.
Descriptions of solid-state physics and basic semiconductor properties can
be found in any textbook on semiconductor devices and only some
necessary information will be presented here.
The curvature of the energy bands are shown in the Fig 2.1. Due to the
crystal properties they should be presented in three dimensions forming
a surface where energy is on the vertical axis and wavevectors
(momentum) are in the horizontal plane directions (see Fig.2.1a).

Fig.2.1. Si (left) and GaAs (on the right) band diagrams [5].
A direct bandgap means that the local extreme of the conduction and
valence bands occur for the same momentum. These materials are chosen
as optically active, simply because it is relatively easier to find at any point
in time an electron, a hole and a photon without any phonon (equivalent to
energy of momentum) than to find all four. The recombination rates depend
on the density of states at each energy level that is considered for material
property. For reasons which will be explained in the next section the thesis
[and all the Papers A-H] is focused on III-V materials based on GaAs or InP
material.

2.1.1 Material choice
Lighting
Lasers are being widely used for telecommunication, optical data storage
and, recently entering research stage) of projectors and displays that is
occupied by visible LEDs [6].
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Fig. 2.1.1a Luminous efficiency of visible light sources vs. time (adopted
from Craford 1999) [6].
The evaluation of LED and other light sources for visible radiation with the
progress of efficiency is presented in Fig. 2.1.1a. The materials and colors
are indicated.
Telecommunication
The demand on information transfer has caused the largest development of
optoelectronic components, mostly as infrared devices for fiber-optical
communication applications. The attenuation of the signal caused by the
optical fibers is presented in Fig. 2.1.1b.

Fig.2.1.1b Attenuation of graded index Polymer Optical Fiber (POF) and
silica fiber [7].
The polymer optical fiber (POF) is an economic solution for connections
implemented in vehicles, airplanes home networks and equipment, where
links were short. The light sources operating in visible range (650 nm) have
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some installation advantages. The silicon fiber boosted the development of
light sources operating at wavelengths where the attenuation exhibited
minima at 0.8μm, 1.3μm and 1.5μm (practically around 3, 0.3 and
0.2dB/km, respectively). This is one of the reasons why millions of
kilometers of silicon fibers are installed worldwide. Data communication (i.e.
internet) as well as analogue transmission (cable television, CATV) use
various infrared wavelengths. Since the demand on information increases
nowadays the Fiber-To-The-X technology is replacing copper wires in
connection to the very end user. Various compositions of GaAs and InP
based materials were involved in light sources for the telecommunication.
This work presented here, and described in the papers, were done on
components developed for fiber-optical transmission systems.
Polymer opto-electronic boards and silicon optical benches for short
distance free space communication are considered where integrated
transmitters and receivers are wanted to avoid circuit wires and eliminate
crosstalk. Photonics is also considered to handle the data traffic in and
between processor cores in the future.
Data storage
High density of package information stimulated the evolution of light
sources and detectors used for compact discs (CDs), Digital Video Disc
(now Digital Versatile Disc, DVDs), and recently Blu-ray Discs. As the
materials of data storages were improved the distances between
information lines shrank from 1.6μm to 0.74μm and 0.32μm, and the optical
components used shorter wavelengths from 780nm to 650nm and 405nm,
respectively (see Fig. 2.1.1c). The diffraction limit necessitates changes of
the wavelength, and hence materials for optoelectronics (lasers and
detectors) were developed to meet the specific requirements.

Fig.2.1.1c Scanning Electron Microscopy pictures of CD, DVD and Blu-ray
Disc. The storage capacity of single layer disc of 12cm diameter is
indicated. For comparison purposes the focused spot of each optical beam
and its color against the pitch are shown [8].
Since the speed of the electronics for these applications is relatively small
(<100MHz) the important parameters are beam quality, temperature
tolerance, power and cost.
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Other applications
Optical measurement methods are powerful characterization tools for
inspection of the characteristic properties of a variety of materials. They are
widely used for optical spectroscopy including linear and nonlinear optics
and magneto-optics, optical microscopy, and various kinds of optical
sensing and diagnostics in many areas i.e. medicine, construction.
Light sources are also present in chirurgic operations, tissue treatments,
and higher power operation such as cutting, welding, soldering and splicing,
optical pumping, radars and in research of particle trapping.

2.1.2 Dimension, strain and doping
The way towards decreasing dimensions was challenging for the
technology. Smaller dimensions give rise to higher density of electron
states in the wave-vector space and hence carrier confinement. Additionally
the decreased size forces the process of forming discrete energy levels
(quantization). This helps to achieve particular energy levels for the electric
charges and thereby enhances the chance of cloning photons which in turn
leads to increased level of stimulated recombination and more spontaneous
emission at a certain energy. For bulk material (3D), quantum wells (2D),
and quantum wires (1D) the densities of electron states are given by
functions [9, 10, 11]:

g

(3D )
E

g

(2D)

g

(1D )

g

(0 D)

E

E

E

2me3 / 2
=
π 2h 3

E − EC θ ( E − EC )

=

1 me
θ ( E − EC )
π h2

=

2
π h

=2

me
E − EC

π h2 ⎛ π ⎞
⎜ ⎟
2me ⎜⎝ 2a ⎟⎠

2

θ ( E − EC )
∞

⎡ 2me
2
⎢⎣ h

∑δ ⎢E

l , m , n =1

2
⎤
⎛ 2a ⎞
2
2
2
⎜ ⎟ − (l + m + n )⎥ where me is
⎝π ⎠
⎥⎦

the effective mass, ħ=h/2π and h is Plank constant, θ is the step function (0
for E<EC and 1 elsewhere) and letters a, l, m, n denote dimensions. The
resulting density of states for a charge is presented in Fig. 2.1.2a. The
variables are accordingly: EV , mh.
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Fig. 2.1.2a Density of states versus energy for various dimension
structures [11].
The charges will follow toward minimum energy states and the available
positions.
Stress in thin layers is introduced by lattice mismatch between two material
compositions of slightly different lattice constant. It can compress or expand
the plane of the crystal when growing QWs of InGaAs (increases native
latice) on a GaAs substrate so that the plane of InGaAs cells is compressed
and equals the GaAs. Smaller than native distance shifts the conduction
band upward EC and the valence EV downward (increases energy gap Eg).
Additionally it separates the heavy- and ligth- holes in the valence band,
and the energy shift for heavy holes is smaller than for the light in the case
of compressive. The separation and shift is opposite if applying tensile
strain that decreases Eg. Strain engineering is utilized to moderate the band
gap, increase the differential gain, and lower the material transparency [12].
The properties of strain-modified QWs structure were evaluated in papers
[19 and Paper F].
The p-doping of the active region increases differential gain at the expense
of transparency [12]. Thus doping level has to be chosen carefully.

2.1.3 Waveguide – the optical and electrical confinement
In order to make an optoelectronic device based on the electronic
transitions efficiently extract light-injected carriers, the photons and
electrons are localized in a small place This increases interaction between
the light and the electrical field in the medium. Building a cube for extraction
and/or injection photons from all possible sites is not practical, thus one
direction is favored for propagation, and light propagation in perpendicular
dimensions is prohibited. This forms an optical waveguide with defined
points of access.
A principle of total internal reflection utilized in the fibers can be used to
understand the optical confinement also in other waveguides. An interface
of two materials of different refractive index n creates a plane of reflection
(see Fig. 2.1.3 a). The Snells law: n1 sinθ1 = n2 sinθ2, where θ is the incident
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ray angle and θC = arcsin (n1/n2) is a critical angle, gives condition θ2>θC, at
which rays can be totally reflected and slide along the surface.

Fig. 2.1.3a Illustration of ray diffraction and reflection at the interface
between two media, and the concept of optical waveguiding.
The amount of reflection in the direction perpendicular to the individual
interface (θ2=0) is r = (n2-n1)/(n2+n1) and constitutes a key element for
gratings and mirrors. In a structure where one material is surrounded by
another the refractive index is modified by boundary conditions and called
effective refractive index, the details are explained by mode and wave
theory [i.e. 12]. The effective index approach is also convenient for artificial
structures such as photonic crystal that is a multidirectional grating.
Electrically the carriers are provided via small contact layers (e.g. by mesa)
and/or limited (e.g. oxide, ion implanted or p-n regrown structure) to the
area where the interaction takes place. The presence of carriers changes
the refractive index of the material and hence contributes to the
waveguiding. The confinement (Г) is the photon-electron overlap in each
direction, defined as Г = d/deff, where d is the length, width, or thickness that
contains electrons and the deff is appropriate for photons.
Due to the structure orientation and confinement structure, lasers can be
divided into Edge Emitting Lasers (EEL) (see [Paper A, D-G], and [12, 13])
and Vertical Cavity Surface Emitting Lasers (VCSELs) as in [Papers B, C,
H] and [12, 14, 15]).
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Fig.2.1.3b Illustrative picture of Edge Emitting Laser, with indication of
refractive index profiles (in vertical direction by change of material
composition in horizontal by carrier injection). On the left energy bandgap
structure.

Fig.2.1.3c Illustrative picture of Vertical Cavity Laser, with indication of
refractive index profiles (in vertical direction by change of material
composition in horizontal by carrier injection). On the left plot of energy
bandgap structure.
There exist other types of lasers with cavity by waveguide (similar to edge
emitting) formed in a loop (mostly in a shape of ring), or with a randomly
chosen path (discovered in polymers). In the first case the usable light can
be extracted by a coupler.
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2.2 Physics and effects
2.2.1 Gain (lasing, amplification, signal conversion)
Depending on the material and condition, one of the previously mentioned
electronic transitions will dominate processes in the semiconductor
material. The generation of the light inside the semiconductor is tied to both
the spontaneous (Rsp) and the stimulated recombination (R21) that multiplies
the number of photons (amplifies light) created by the first one. The
stimulated recombination (R21) is most interesting for light amplification and
then for lasing, hence the optical gain (g(N)) is mostly related to R21 as:
R21= Γνg g(N)/V. The Γ, νg, and V are confinement, group velocity and
volume, respectively. N is the carrier density. The gain is related to the
number of carriers (that potentially are involved in the photon multiplying
process), thus the carrier occupation and density of states are tied to
efficiency of carrier injection and number of photons that extract the carriers
[12]. The contribution of other processes to the common carrier reservoir is
in the first approach treated as loss. If the gain is sufficient to compensate
internal optical loss (αi), more photons can be produced at each place and
then the overall production of photons can be larger than additional loss in
confinement (Γ) and caused by mirrors, and thus they will circulate at the
speed of νg continuously and be multiplied along the passing distance. Γ is
used to form a cavity and keep a certain number of photons in it. In order to
achieve lasing the passing need to provide enough gain to compensate all
the losses hence the condition is a follows:

~

r1r2e −2 jβ L = 1 , where

~

j
(Γg − α i ) is a propagation parameter related to both the
2
amplitude and phase and β r = 2π neff / λ .

β = βr +

The derived conditions for the lasing threshold and longitudinal resonance
wavelength are:

Γg th = α i +

2n L
1 ⎛ 1 ⎞
⎟⎟ and λres = eff , where m is an integer.
ln⎜⎜
m
L ⎝ r1r2 ⎠

A schematic illustration of modes located in the net gain spectrum is
depicted below.

Fig. 2.2.1a Cavity modes distribution and net gain profile in edge emitting
laser (EEL, left) and vertical cavity surface emitting laser (VCSEL, to the
right).
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The largest gain is obtained just below lasing point. The distance between
modes (mth, mth+1) is related to ∆β (ngroup) measured by so called Free
Spectral Range (FSR).
Carriers can be generated by current or photon injection. In case of the
second mechanism by optical injection at wavelength close to the mode
position, and in case of mixture of both types of pumping, the lasing
condition and modes have to be considered in order to distinguish between
amplification (when resonant amplifiers designed) or switch between
modes. This type of controlling implemented is forming a cross gain
modulation (XGM) and is a base for optical signal conversion (called
frequency or wavelength conversion) and was proposed for 2R signal
regeneration [see paper OFC’07]. Note that the XGM contribute also to the
phase and can be used to 2R.

2.2.2 Absorption (absorption, signal conversion)
Typically, the materials easier absorb than emit the photons. In order to
increase efficiency of light detection or modulation a reverse bias is
supplied to remove photo generated carries. Variation of the bias voltage
can be used to change the absorption rate via carrier removal and modulate
the light, so in practice a single material can be utilized for laser, modulator
and detector. It does not give the best results, if compared to materials
designed for specific application. The modern electro-absorption
modulators are supported by Franz-Kieldysh (FKE) and/or Quantum
Confined Stark Effects (QCSE). The QWs are designed to have the
absorption edge close to the desired wavelength (bandgap), which is
shifted by an externally applied electrical field. The absorption is related
mostly to the absorption (slope) edge and induced shift rather than to the
carrier removal itself.

2.2.3 Temperature effects
The energy bandgap of semiconductors is inversely proportional to the
temperature E g (T ) = E g (0) −

α T2
T +β

,

where

α

and

β

are

fitting

parameters. This behavior can be explained by a change of the space
between atoms, that is proportional to the amount (amplitude) of atomic
vibration that is a common interpretation of kinetics of chaotic movement
corresponding to thermal energy. This is observed by the linear expansion
coefficient of a material. The distance relation is as follows: the larger
spacing the smaller average potential seen by the charges in the material
and smaller size of the energy bandgap. Hence heating and cooling is
comparable to a direct modulation of the interatomic distance - such as by
applying compressive (tensile) stress - also causes an increase (decrease)
of the bandgap. The vibration seen as the time dependent change of
particle’s position provides the observation that it is more difficult to deliver
carriers and find at the same time and place photons, and thus gain drops.
The bandgap shrinkage can be observed by a shift of the gain peak toward
the long wavelength side.
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Chapter 3
Semiconductor Laser
3.1 Introduction
Light Amplification by Stimulated Emission of Radiation (LASER) is an
acronym that only partially describes the lasing action. A typical laser
consists of an optical cavity composed of an optical gain medium between
two mirrors. The optical gain medium provides both the original light source
through spontaneous emission and the light amplification of it by stimulated
emission. Lasing occurs when the light amplification is large enough to
compensate the optical losses inside the cavity and through the mirrors.
Hence, laser emission consists of a little amount of spontaneously emitted
photons and a large number of stimulated emitted photons. However, a
laser does not amplify the full spectral range of spontaneous photons since
the cavity makes a spectral selection. In Chapter 2 the importance of
mirrors and optical and electrical confinement were discussed. The
properties of the resonator and gain material determine the lasing
wavelength, the intensity distribution and the amount of stored optical
energy and traveling wave energy in the cavity.
In this chapter we start with the rate-equation model and derive the steady
state and dynamic characteristics. Then the importance of electrical
parasitics and mirror reflectivity is discussed. The discussion is for simplicity
focused on Fabry-Perot lasers. DBR lasers can be thought of as a FabryPerot laser with wavelength selective mirror.

3.2 Basic rateequation model
The intuitional picture of static and dynamic processes of a semiconductor
laser can be illustrated with a simple carrier reservoir model. The balance
and connection between the in- and out-flow of carriers (electrons and
holes) and photons from the two encapsulated in reservoirs under lasing
operation is illustrated in Fig. 3.2a.
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Fig. 3.2a Illustrative picture of laser as carrier and photon reservoirs.
The one-dimensional carrier density and single-mode photon density rate
equations can be derived associated to the rates in the picture [12]:

dN η i I
=
− ( Rnr + Rl + R Auger + Rsp ) − ν g gS
dt
qV
dS
= Γν g gS + Γβ Rsp − S
τp
dt

where N is the electron density in the active region, S is the photon density
in the lasing mode enclosed in the cavity, ηi is the portion of current injected
into the active region, I is the total injected current, q is the electron charge,
V is the volume of the active region. The rates R denote electronic
transactions aforementioned in Chapter 2. Where specifically Rnr is the
carrier loss rate due to nonradiative recombination, RAuger is the carrier loss
caused by Auger recombination, Rl is carrier leakage and overflow from the
active region, and last one Rsp is the carrier recombination rate due to
random emission of photons. ν g is the group velocity of the optical mode in
the waveguide, g is the material gain, Γ is the confinement factor, β is the
fraction of spontaneous emission present in the lasing mode and τp
represents the photon lifetime called the cavity lifetime. However, the
recombination and generation processes involve both carriers (electron and
hole), the consideration of charge neutrality results in equal densities of
both N=P, and hence one rate equation (typically electrons) is sufficient.
Since the most interesting is the stimulated emission term ν ggS that ties the
two equations to each other, the rates in the brackets (Rnr+Rl+RAuger+Rsp) are
simply carrier loss proportional to carrier density as (AN+BN2+CN3). The
loss of carriers can be approximated with their decay rate N/τ, where τ is
called carrier lifetime.
The set of rate equations can be additionally filled by other relations i.e.
phase condition of the lasing mode or some dependency, but these are
related to existing parameters such as gain or confinement.
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3.2.1 Threshold condition
The threshold conditions were introduced in Chapter 2 to distinguish
between concept of modes located in edge and surface emitting lasers.
Generally r1r2exp(-4jπneffL/λ +2LΓ g-2Lαi)=1, where rX are amplitude
reflection coefficients and can be made by i.e. cleaving the component or
by introduced mirror. The mirrors, mostly have the form of gratings, have
also other functions, namely they are selecting one mode and suppressing
others. In case of EEL the feedback for the longitudinal mode is provided by
a DBR grating (EEL i.e. see Papers A, E, G), where in case of VCSELs
(Papers B, C, H) mirrors are giving necessary feedback for the main mode
as DBRs and suppressing other transversal modes (by surface relief) and
their impact will be discussed further. However the reflectivity can be
complex, we start with simple case of F-P laser, where only the real values
are assumed. The amplitude condition for threshold is noted as r1r2exp(2L(Γ
g-αi))=1 and the phase gives λres=2neffL/m. From the amplitude condition
one can derive the threshold gain gth as: Γ gth=αi+L-1ln(r1-1r2-1), where L1
ln(r1-1r2-1)= αm is called mirror loss and represents light emission from both
facets. Since the gain g is related to carrier density N increasing it first
changes the transparency (indexing by ‘tr’) of the material and then
multiplies the number of photons. Commonly assumed g=g0 ln(N/Ntr) is
related to Ntr and g0, these are material parameters.

3.2.2 Steady state
Setting the time derivative of terms d/dt equal 0 in both rate-equations is the
base for derivation of steady state characteristics of the laser. A helpful
assumption is that density of photons obtained in the lasing process is
negligible at the threshold, hence stimulated emission term νggS can be
omitted. This allows to determine the threshold current Ith related to the
threshold current density Nth.

I th =

qVN th

η iτ

The gain increases as g=g0ln(N/Ntr) with carriers. The threshold carrier
density (Nth) is related to g0 and Ntr, that are treated as active region
material properties. The threshold current and hence carrier density is
related also to losses Nth=Ntr exp(gth/g0)= Ntr exp((αi+αm)/(Γg0)).
Beyond threshold the stimulated recombination term (νggS) connects the
carrier and photon reservoirs, hence photons effectively remove all the
extra carriers. In theory it clamps the carriers (N=Nth), hence the gain, the
refractive index fixed at the threshold values and further increase of the
current will turn into more optical power. The real device will deviate from it
due to involvement of more complex phenomena i.e. temperature, hole
burning
effects
etc.
The
total
output
power
becomes:

P0 = η i

αm

hν
( I − I th ) , where hν is the photon energy at lasing ν
αm + αi q

=c/λ frequency.
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3.2.3 Dynamic response
Since the two rate equations are nonlinear the usual way of analyzing the
dynamics is first to perform linearization in a small range around the
operating point and then derive time dependent properties with I, N, S and g
as dynamic variables.

d
[ΔN ] = η i ΔI − ΔN − ν g gΔS − ν g ΔgS
dt
qV τ ΔN

d
[ΔS ] = Γν g gΔS + Γν g ΔgS − ΔS
dt
τp
The spontaneous emission and hence term ΓβspRsp can be ignored above
threshold. The term τΔN is the differential carrier lifetime related to decay of
the carriers: 1/τΔN = d(Rnr+RAuger+Rl+Rsp)/dN .
The material gain g is related to the density of carriers N (as mentioned in
3.2.1) and density of photons S and modeled by equation
g=g0 ln(N/Ntr)/(1+εS). The ε is the gain suppression factor that represents
reduction of the gain under high photon density due to carrier heating and
spectral hole burning. Differential gain should be approached by Δg= a ΔN ap ΔS, where a=dg/dN and ap=-dg/dS. This inserted in the above rate
equations on the form:

d ⎡ΔN ⎤ ⎡− γ NN
=
dt ⎢⎣ ΔS ⎥⎦ ⎢⎣ γ PN

− γ NP ⎤ ⎡ΔN ⎤ η i ⎡ΔI ⎤
+
− γ PP ⎥⎦ ⎢⎣ ΔS ⎥⎦ qV ⎢⎣ 0 ⎥⎦

gives: γNN=1/τΔN +νgaS, γNP=1/Γτp -νgapS, γPN=ΓνgaS=Γω2Rτp, and
γPP=ΓνgapS, and hence indicate interactions involving both the carriers and
the photons. The small-signal solution is relatively simple to achieve
introducing sinusoidal perturbation to the current ΔI(t)= Iω exp(jωt), the
carriers ΔN(t)= Nω exp(jωt), and photons ΔP(t)= Pω exp(jωt). Setting d/dt to
jω the matrix becomes

γ NP ⎤ ⎡ N ω ⎤ η i ⎡ I ω ⎤
⎡γ NN + jω
=
⎢ −γ
γ PP + jω ⎥⎦ ⎢⎣ S ω ⎥⎦ qV ⎢⎣ 0 ⎥⎦
PN
⎣
where

the

solutions

to

Nω

and

Sω

are:

η i I ω γ PP + jω
ηI γ
H (ω ) ; Sω = i ω PN
H (ω ) involve a common
2
qV
qV ω 2 R
ω R
ω 2R
term a like a transfer function H (ω ) = 2
. The relaxation
ω R − ω 2 + jγω
ν g aS
2
oscillations ω R ≡ γ NP γ PN + γ NN γ PP =
will appear as resonance
τp
Nω =

peak

at

frequency

γ ≡ γ NN + γ PP =

1

τ ΔN

fR=ωR/2π

εS
+ ν g aS +
τp

damped

by

a

factor

. The damping factor is connected to
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the resonance frequency as: γ =γ0+Kf2R , where γ0 is inversion of differential
carrier lifetime γ0=1/τΔΝ+ΓR’sp/S=1/τΔΝ and K-factor is given by

⎛
⎛ Γa p ⎞
ε ⎞⎟
⎟⎟ . The fR is proportional to the
K = 4π 2 ⎜τ p +
≡ 4π 2τ p ⎜⎜1 +
⎜
⎟
a
a
ν
g ⎠
⎝
⎠
⎝

supplied current as f2R=D2(I-Ith). The D-factor is referred to the materials and
structures parameters as D =

Γν g a
1
ηi
. These factors are useful for
2π
qV

characterization of the maximum possible modulation response and
comparison of the lasers. It has to be noticed that all parameters can be
affected by temperature and optical feedback (see Papers B and F) and
theoretically considered in Paper G.

3.2.4 Parasitic effects
The derivation and description of the response covered until part 3.2.4 are
related to most of interesting parameters and hence the intrinsic response
of the laser. The laser as semiconductor junction exhibits also parasitic
series resistance Rd caused by contacts (P-cladding), the junction
capacitance Ca and a shunt resistance that might exist due to a leakage
current. The additional capacitance Cp is parallel to the junction and can be
associated to e.g. the contact and passivation layer or any semi-insulating
layers. The parasitic significantly influence the response of the laser and
hence a new term 2π/(jω+ωp) will fill the transfer function. The parasitic limit
of the modulation bandwidth is shown especially in the papers describing
VCSELs. In Papers B and C, an unintentionally large resistance of the
mirrors contributed to the parasitic pole where the mirror capacitance was
found for the p-n injection aperture VCSELs presented in Paper H.

3.2.5 Chirp
The derivation of the lasing frequency under modulation is associated to
two effects (see Fig. 3.2.5a). First the refractive index changes related to
the carrier density (effect prominent below threshold and at high speed
modulation). Thus carrier-photon processes set conditions for the mode, the
gain, the densities etc. Secondly, both the mechanical and optical
dimensions are temperature dependent, the thermal expansion will
effectively
change
the
refractive
index
of
the
material.
The current flow together with the differential resistance will give the rise for
the change of the temperature and hence related changes of the lasing
frequency.
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Fig. 3.2.5a Illustrative picture mechanisms causing deviation of the lasing in
laser.
The modulation at low frequency is determined by the temperature, and at
high the chirp parameter αH (called α-factor and/or linewidth enhancement
factor proposed by Henry [20]) can be determined [21]

dn

dN ≈ − 4π dn .
Thus
equation
becomes
λ dg
λa dN
dN
dn
⎡ dn
⎤
Δ(νn) = Δνn +ν ⎢ Δν +
ΔN ⎥ and for the lasing mode the
dN
⎣ dν
⎦

αH = −

4π

frequency

under

modulation

will

fluctuate

by

an

amount

Γν g dn
α
ΔN = H Γν g aΔN . It can be observed that a rapid
of Δν = −
4π
λ dN
change of the carrier density will first change the refractive index.
In conclusion we can rewrite after [12] the complete set of frequency
deviations:

⎛ Δν ⎞
⎛ Δν ⎞
⎛ Δν ⎞
=
+⎜
=⎜
⎟
⎟
⎟
⎜
⎝ ΔI ⎠Total ⎝ ΔI ⎠ Carrier ⎝ ΔI ⎠Thermal
⎛α η
ε ⎛
jω
⎜1 +
=⎜ H i
⎜ 4π qV 1 + εS ⎜ γ
p
PP
⎝
⎝

⎞ ⎛ (1 + ηWP )Vth Z T dν ⎞
⎞
⎟⎟ H (ω ) ⎟ + ⎜⎜
⎟
⎟
dT ⎟⎠
⎠
⎠ ⎝ 1 + jωτ T

Where the terms ηWP, τT, ZT are wall plug efficiency (Pout/Pin), thermal time
constant, and thermal impedance, respectively. The voltage at the threshold
is noted by Vth. Here again, the resonance peak corresponds to relaxation
oscillations, and the carrier tuning increases starting from γPP point.
The chirp factor measurements were reported in Paper F and Paper H. In
similar way to other dynamic parameters the chirp can be affected by
optical feedback i.e. mirror [16] and Paper G.

3.3 Mirrors and optical feedback
In semiconductor lasers the use of mirrors and optical feedback mechanism
was necessary to achieve multiple roundtrip of the optical beam
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propagating in the gain medium of waveguide and minimize the total loss. It
has to be pointed out that the very first approach of single mode laser was
achieved in multi cavity concept, where two Fabry-Perot like segments of
different lengths followed each other. Both sections have multiple peaks but
the combination resulted in a single common one (overlapping in spectrum)
for both cavities and hence stronger than any other. The invention and
realization of Bragg grating significantly influenced the direction of design of
laser development, and improved the lasing properties. Today the mirrors
are common and used to select one and suppress other modes as is
illustrated in Figure 3.3a, as well as to deliver other functions.

Fig. 3.3a Mode selection scheme in Distributed Bragg Reflector – Edge
Emitting Laser, realization (on the left) and principle (on the right).
The sector section is forming reflector that has a certain effective length LN
and is selective. This is combined with the length of gain section LA to form
the resonator cavity. The selector can be active (provide carriers) or
passive and it is designed to have reflection width on the order of the
distance between neighboring modes, thus only one cavity mode will be
located in the reflection peak and hence in favor for the lasing. It should
however be noted that the lasing peak at lasing is significantly smaller than
the spectral width of the reflector since the losses of the cavity is
compensated by the gain medium. The selectors can be located on both
sides or located along the waveguide as it is in Distributed Feed-Back Laser
(DFB). The strength of the mirror and its distribution induce a strong impact
on local distribution of photons and carriers (see Fig. 3.3b).

Fig. 3.3b Distribution of photons and carriers in Edge Emitting Lasers,
Distributed Bragg Reflector (DBR, on the left) with weak mirror reflectivity
and Distributed FeedBack Laser with strong coupling coefficient (DFB, on
the right).
In case of VCSEL there are two DBR mirrors located in the top and in the
bottom in close vicinity of the gain medium.
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3.3.1 Bragg mirror
The concept of multiple small reflections caused by a single interface
between two media of different refractive index was aforementioned in
Chapter 2. This difference can be obtained by change of the material in a
particular layer (i.e. VCSEL) or by change of the height of the grating layer
(EEL) modulating the effective index. The interface is a splitter, reflecting
and transmitting parts of the beam. Fresnel equations for normal incidence
light gives these fractions: r = (n2-n1)/(n2+n1) and t = 2n1/(n2+n1)=sqrt(1-r2).
Cascading interfaces that fulfill the Bragg condition (the optical length
nxLx = Λ/4) for each section builds an effective reflector approximated by
reflection rg located at length LN . This situation is depicted in figure 3.3.1a.
Each segment can be represented in scattering, with complex reflections
and transmission of interface and materials, or equivalent transmission
matrices.

Fig. 3.3.1a Bragg grating
Cascading the grating segments gives multiplication of all individual
transmission matrices. In the case of no loss no gain at Bragg condition it
by

rg =

⎡
1 − (n1 / n2 ) 2 m
⎛ 1 + r ⎞⎤
= tanh ⎢m ⋅ ln⎜
⎟⎥
2m
1 + (n1 / n2 )
⎝ 1 − r ⎠⎦
⎣

and

can

approximated

LN =

1
tanh(κLg ) , where m is the number of periods, Lg is the length of
2κ

grating and κ is the coupling coefficient defined by κLg = 2mr, respectively.
The coupling coefficient is also called strength of the grating. In DFB laser
by varying local value of κ along the waveguide the distribution of the
photons and carriers is modified.
At this place special multidimentional construction of Bragg grating called
Photonic Crystals (PC) has to be mentioned [22].

3.3.2 Wavelength tuneable lasers
Controlling of the lasing wavelength is interesting issue in various
applications. For continuous tuning, use of a prism with reflector is most
common solution, but consumes plenty of space and is requires complex
adjustment. Various solutions and realizations of wavelength tuneble
semiconductor devices were investigated by R. Laroy [24]. Monolithically
integrated lasers give possibility of introducing thermal or carrier induced
change of the amplitude and phase of the reflection peak in the separated
mirror in order to shift wavelength of the lasing peak. Advantages of
compact form and direct current control are at expenses of more complex
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manufacturing of the structure and quasi continuous tuning which is more
difficult for controlling. In most cases it is sufficient to set the wavelength or
dynamically allocate it and then operate laser without any need for further
changes. In the simplest case the DBR section is controlled by current [17].
More complex structures combining gratings involving combs of multiple
reflections were proposed to increase tuning range. Multiple reflections
were reached by modulation of the grating periodicity Λ at some places.
This form is called Grating Sampled (GS) or Modulated Grating (MG) and
experimentally demonstrated in [18] and i.e. MG-Y branch laser presented
in e.g. Paper A. The operation wavelength (selected mode) is chosen by
utilizing Vernier effect (see Fig. 3.3.2a). The effect on mismatch of two
gratings causing change of the spectral shape of the reflectivity was deeply
investigated in [paper 11].

Fig. 3.3.2a On the top an intuitive picture of modulated Bragg grating.
Reflections from individual slightly different gratings and combined (in
additive or in multiplicative effect) reflection.
In case of planar structures Grating Assisted Couplers (GAC) as filters are
used in similar way to the concept of a prism. The beam is selectively
filtered by the grating and after reflection might come back as feedback or
forwarder to other Photonic Integrated Circuit (PIC). In PICs the lateral
waveguides at different vertical levels are connected by GACs.
One has to mention that wavelength tuning was successfully applied to
lasers with vertical resonant cavity - Vertical External Cavity Surface
Emitting Lasers (VECSELs). The distance between the top mirror (a microstructure) and surface of active part is mechanically tuned with precise
controlling.

3.3.3 Effects induced by spectral location of the mirror and of
the lasing peak
The selective mirror can be used to offset the lasing peak by a distance to
the peak of the gain spectrum and hence affects the operation properties.
Larger differential gain is observed for wavelengths shorter than the peak of
the gain, hence placing the lasing there will improve the dynamic properties

- 22 -

(increase the modulation bandwidth). Higher temperature decreases the
gain and shifts slightly the cavity and even more the gain peak toward the
longer wavelength (see section 2.2.3). If lasing mode is chosen to be on the
longer wavelength side of the gain peak, the temperature dependent drop
of the gain can be compensated by the effective increase caused by a shift
induced by shrinkage of the bandgap (see Fig. 3.3.3a). As a result this
might decrease the threshold current and change in the dynamic properties
(see Paper B, C, H).

Fig. 3.3.3a Temperature impact on gain and tuning of the filtering grating.
Since the spectral width of the grating is few orders of magnitude wider than
the linewidth of the lasing mode the temporal change of the lasing position
against the mirror reflectivity should be considered (see Fig. 3.3.3b).

Fig. 3.3.3b Illustrative picture of location of the lasing point on the DBR
reflectivity.
The minimum loss (the maximum of the mirror reflectivity) indicates position
of lowest threshold. The photon lifetime is related to the mirror loss or

⎛γ
1
−1
−1
+
ln R1 R2
simply lower reflectivity τ p = υ g ⎜
⎜υ
⎝ g 2L

(

−1

⎞
⎟ . The reflectivity
⎟
⎠

)

depends on the deviation from the reflection peak and optical loss in the
waveguide [see e.g. Paper G] and has impact on the relaxation oscillations
(larger loss gives smaller photon lifetime and higher frequency of
resonance). The frequency shift (Δν) associated to the modulation (carriers
ΔN due to current ΔI) and chirp factor moves the lasing point on the
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reflection slope (as it is shown by dotted lasing points in Fig. 3.3.3b). The
temporal change of the reflectivity ΔR (or effective reduction of photon loss
ΔαMirror) contributes to the differential gain (enhances it for negative ΔR/Δλ).
A deep study of physics with both intuitive picture and complete
mathematical description of complex waves and energies is provided in
Paper G. This energy definition can be understood by observation of the
standing wave pattern existing in the resonator cavity and its amounts
divided into active and passive sections (similar to the gain enhancement
factor in VCSEL). Also the damping factor γ is affected by the actual
position of the lasing mode on the reflectivity peak. It is shown (theoretically
in Paper G, and concluded from experiments reported in COST288 action
and in paper 11) that the amount of loss in the passive mirror can change
the direction of the impact made by frequency deviation on the damping.
Namely that lasers with low loss in the mirror can exhibit higher damping
factor on the longer than on the shorter wavelength side of the Bragg peak,
while it is the opposite in case of high loss.

3.3.4 The gain enhancement factor in VCSEL
In the previous section the gain enhancement factor was mentioned in
connection to the standing wave pattern formed along the optical
propagation axis between mirrors, since the thin active layer is significantly
lower than the cavity length LActive<<L. Hence the location of Quantum Wells
in electromagnetic field (the antinode of standing wave pattern) is extremely
important to optimize the efficiency of coupling (overlap) between resonator
field and gain medium. This situation is shown in figure 3.3.4a.

Fig. 3.3.4a On the left longitudinal optical field intensity in the vicinity of
optical cavity. Gain enhancement factor versus normalized displacement d0
of the active region from the peak of standing wave pattern. The active
region is marked by dark grey region.
The enhancement factor Γenhancement is defined [i.e. 12, 14, 19] by:

Γenhancement = 1 +

sin(2nπL Active / λ )
cos(4nπ d 0 / λ ) , where d0 is the
2nπL Active / λ

displacement normalized by factor of ratio between wavelength and
refractive index. For thin active layers and perfect positioning, the maximum
enhancement is a factor of 2. The thickness of the active regions plays also
important role. For LActive =mλ/2n the enhancement is equal 1.
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Chapter 4
Intensity Modulators and Integrated
Structures
4.1 Introduction
The directly modulated laser is a good solution for transmission systems of
reduced requirements. For the component design separate modulators are
preferred solution where lasers are optimized for tunability or other
purposes, despite that a direct modulation of such lasers is possible (see
Paper A), hence offer more freedom. For use in transmission systems
where better signal quality (higher difference between the ‘on’ and the ‘off’
states, and lower chirp), or where higher speeds are desired, the lasers
should be connected to external modulators. Hence in literature a
commonly used abbreviation is EML and it stands for externally modulated
laser. The modulated signal can be imposed on phase, frequency, intensity,
or polarization of the light. This work deals with intensity modulation, where
the electric field is utilized to manipulate the imaginary part of refractive
index – absorption.

4.2 Physics of electric field induced effects
The electric field might induce changes to real and imaginary parts of
refractive index, which correspond to electro-optic and electro-absorption
effects, respectively. The first type are Pockels – linear (Δn ∝E) and Kerr–
quadratic (Δn ∝E2), and influence the phase of the light wave, that can be
further transferred onto change of light intensity via an interferometer i.e.
Mach-Zehnder type or implemented in coherent transmission systems. The
second type affecting imaginary part of refractive index are effects called
Franz-Keldysh (F-K) (proposed by W. Franz in 1958 and V. Keldysh also in
1958) and quantum-confined Stark-effect (QCSE).
In the next sections we will shortly describe physics of two most commonly
utilized effects for excitonic absorption.
The F-K is an electro-absorption effect and associated electro-refraction
effect seen as parasitic one present in bulk material, where the QCSE is an
electro-absorption effect in QW structures. The F-K relay on excitation of
electron-hole pair under exposure to light of photons energy lower than
bandgap and lateral carrier tunneling (a like in the Esaki diode) under
applied electric field (see Fig. 4.2a). Hence the absorption is related to
tunneling probability that is proportional to traveling distance and density of
states discussed in chapter 2.
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Fig. 4.2a Principle of light absorption and photocurrent generation via F-K
effect. Graph shows the absorption as applied field.
Similar as in case of lasers the modulation of the light amplitude due to the
Franz-Keldysh effect is associated with a shift of the phase (via KramersKroenig relation). The change of the real part of the reactive index exhibits
a quadratic dependence on the applied electric field i.e. Kerr-effect.
In the QW case the excitation at the first place is as in F-K interaction,
where the band edges strongly tilt. Then the electric field pulls charges
(electrons and holes) in the QW to opposite sides causing further reduction
of the bandgap forming Stark shift in the exciton absorption peak [25] and
later discussed in [26]. The tilt of the edge is so strong that the exciton
could escape from the well, but the well is narrow enough to enhance the
Coulomb attraction between electron and hole and prevent charges from
tunneling in opposite direction. In other words the Stark effect caused by
combination of F-K effect and Coulomb forces is confined in QW which
enhance the effect. The QCSE is illustrated in Fig. 4.2b.

Fig. 4.2b Principle of light absorption and photocurrent generation in EAM
and PD. Graph shows the absorption as applied field.
The comparison of these effects indicates that a more efficient modulator
can be formed by use of QCSE only in narrowband wavelength
applications. It is more temperature sensitive and requires precise design of
the material and structure for chosen wavelength. The F-K is most desired
for use in tunable wavelength transmitters at expense of driving voltage.
A good design of an electro-absorption modulator will result in low
attenuation of the light in absence of the external electrical field (so called
insertion loss). This is normal and it is due to use of a wavelength longer
than corresponding to the absorption edge and short length of the structure
(compare
with
phase
modulator).
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Apart of the aforementioned absorption modulators, intersubband
absorption associated with the change of the energy between electron
levels were proposed. Since unicarrier model do not suffer from transit time
limitation for electrons and holes, photodiodes and modulators and even
quantum cascade lasers (QCL) were investigated. With the current
technology the achieved efficiency and responsivity were significantly
smaller than for ordinary approaches, hence use of realized components
was severely limited. For telecommunication wavelengths there were other
problems associated to cooling.
The general picture of photon absorption in the device indicated in chapter
2 is that effect occurs in structures over the length, l, when light is confined
in a waveguide overlapping with active medium. Thus for absorption
phenomena the material absorption coefficient and mechanical dimensions
are important.

4.3 Dynamics of modulators
The dynamics of a modulator can be determined by electrical properties
(including parasitic) or transport assisted phenomena. These limitations
occur significantly earlier than the response time of the material polarization
(shift of the absorption edge) that might occur in THz range (i.e. 10 THz for
InP).

4.3.1 Parasitic limit
The parasitic called RC-limit is attributed to the junction capacitance, C, of
p-i-n structure and additionally a series resistance, RS, of contacts layers.
The frequency limit is defined as f3dB=1/2πRC. The capacitance is given by
C =εrε0wl/d where εr and ε0 are dielectric constant in the intrinsic layer and
vacuum permittivity, respectively. RS is mostly caused by the vertical
resistance of the current providing layer and approximated by RS=ρu/(wl),
where ρ is material dependent parameter called contact resistivity and u is
the thickness of the layer. The letters w,l and d correspond to dimensions of
width, length and thickness of the junction (mostly intrinsic layer). However
one should remember that the effective thickness is modified by the
depletion region and hence bias dependent, but an approximation of
intrinsic region can be valid. The modifications should be considered when
changes of the applied voltage are large and a voltage reduction caused by
generated photocurrent is also introduced.
The first look on the equations provides the conclusion that for high
frequency C needs to be reduced. Thinning down the width, w, of the mesa
results in modification of confinement. The longitudinal dimension, l, puts an
impact on the efficiency, so interaction with these parameters seems to be
difficult and introduces limits. On other hand, an increased thickness of the
intrinsic layer substantially reduces the electric field and hence the
absorption efficiency. All results in a trade between efficiency and operation
speed. In the ideal case resistance R is a sum of the impedance of the
generator (equal to the load RL) and series resistance of the component RS.
This circuit limitation can be tuned at a single frequency in two methods.
A serial tuning where the load is connected to capacitor via inductor, and in
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parallel where first inductance is connected in series to a parallel
connection composed of capacitance and load with another inductance in
series. But adding pure elements (i.e. where inductance is a bonding wire of
certain length) will result in resonance and cause additional difficulties in
precise controlling. Thus lumped elements are not in favor, but necessary in
some cases. The tuning and matching schematic is depicted in figure
below.

Fig. 4.3.1a Principle of tuning lumped components in circuits and matching
for single and periodic capacitor. The capacitor can represent reverse
biased diode of receiver or modulator.
Broadband application problems caused by lumped design were solved
with help of transmission line, where the modulator was split into segments
each consisting of a short absorber section followed by a microstrip line of
inductive characteristic. Hence the transmission line is formed by low
impedance active segments ZC (e.g. 25Ohm) connected by passive electric
transmission lines of higher microwave impedance ZL (e.g. 75Ohm), giving
an average impedance match to Z0 - the characteristic impedance of
50Ohm. Where in the simplest case of parallel-plate line of width w and
dielectric thickness d the parameters are defined per unit length inductance
L’=μd/w, C’=εw/d and impedance is expressed by equation Z’2=L’/C’=μ/ε
(d/w)2. μ and ε stand for permeability and permittivity, respectively. An electrical
wave travels along the transmission line with propagation constant β =2π
/λ and phase velocity νp=ω/β=(με)-0.5.
The circuits and matching schematics are presented in Fig.4.3.1b.
In all cases the matching and its imperfection result in more complex
transfer function and reflection. The L-C or ZL-ZC combination gives rise to
resonance that might cause ripples and distort the broadband signal. Hence
the amplitude should be controlled.

Fig. 4.3.1b Principle of distribution of components in transmission line
schema and matching for single and periodic and non-periodic elements.
A successful implementation was demonstrated for the first time by
R. Lewén [27] and S. Irmscher [28]. The further optimized structure of
distributed non-periodic segmented modulator was realized and obtained
results reported in Papers D and E. The non-periodicity can be used either
to increase the modulation bandwidth (limited by periodic system) or to
increase the total length of the active region, which is further transformed
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onto higher efficiency. The return loss can be flatter in a wider frequency
range for non-periodic than for the periodic ones. Although it is increased in
some parts of the spectrum (mostly at lower frequency range) the
microwave reflection seen on the input pads can be kept below -10dB.
The non periodicity can be also applied to passive part. Since the dielectric
thickness d and material (hence ε and μ) are fixed for all high impedance
segments, the width modification of the microstrip line will influence both the
impedance Z’ and the phase velocity νp. Since segmented structure can be
treated as integration of individual active components other aspect and
importance of velocity is partially considered in section 4.4.

4.3.2 Carrier dynamics
Transport of carriers is equally important for electro-absorption as for the
electro-luminescence devices.
By analogy to the lasers and injection mechanics, the electron and hole
escape process takes place between the quantum well QWs and
surrounding layers, and the charge transport is through the intrinsic and
contact layers. The time interval required for all the processes is called
transit time. An obvious difference between the two types of components is
the direction into (with forward bias) or out from (reverse) the QW, and
corresponding time intervals called capture or escape, respectively.
For small intensity in case of the modulators the transit time is not as
important as for photodiodes. The photon absorption follows the fluctuations
of applied electrical field and generates carriers in the QW states. With nonsaturated material a larger amount of absorbed photons are due to
generated and not removed photo-carriers effectively reducing the electric
field. This is called screening effect or charge pile-up. The existing carriers
in the QW can be attracted by other photons (when field changes), being
removed after a while or lost in nonraditive process. When pulse modulation
is applied the shape of the pulse will be affected (distorted) but modulation
speed is still affected by the transit time.
The response of the photodiode is affected by all of the time intervals. The
photons need to be converted to electrons and holes and result in a current
flow in the electrical circuit. The response measured in detection mode and
hence transit time limited characteristics was investigated to assure the
intrinsic layer thickness of TWEAM modulators reported in Papers D and E.
Due to different propagation velocities of the electron and hole flows the
offset of the position of QWs dividing the intrinsic layer can be utilized to
equalize the time for electrons to the holes and hence minimize the overall
transit time. In a similar manner as it was made with bandgap engineering
in laser presented in Paper F.
Saturation is a problematic issue for the transport effect in all electo-optical
components and put its impact on both the static and the dynamic
properties. A cross gain modulation (XGM) of semiconductor optical
amplifier (SOA, i.e. Paper 19) or cross absorption modulation (XAM) in
EAM in most cases are deployed at saturated state of SOA and half
transparent EAM, and finds application in signal or wavelength conversion.
In SOA the photons of different energies (wavelength) are sharing common
carrier reservoir that causes competition for already compressed gain. Also
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in EAM due to strong photon injection generated carriers perturb (reduce)
the carrier flow at another wavelength and might contribute to the local
potential drop and even photon generation. In both cases signals are
influencing each other and the opto-optical dynamics is in higher order of
complexity (bandwidth, efficiency is determined by other phenomena).
The non-saturated SOA in principle is limited by the effective carrier lifetime
and (τ’)-1 =(τ)-1+aνgS, where the externally injected photons S stimulate
emission in SOA but modulation frequency is in range of GHz.
The current flow causes heating of the device, which decreases gain,
energy gap and increases optical losses.

4.4 Integrated structures
The integration is crucial for reduction of the size and elimination of
problems that appears for connection of the component such as additional
coupling and associated loss, adjustment and mounting complexity and
cost. It allows building as well simple components of excellent properties as
well as multifunction device to realize more advanced goals. The
development of the technology allowed manufacturing of monolithically
integrated higher order complexity structures; see [12, 29, 30, 31].

4.4.1 Laser and modulator
The electroabsorption modulator (EAM) monolithically integrated with
distributed feedback laser (DFB) was a break-through in development of
10Gb/s transmitters and becomes the most popular component in fiberoptical communication link. Due to traveling-wave structure implemented in
modulator design recently DFB-TWEAMs offer modulation bandwidth larger
than 100GHz [Paper E]. This is the highest to our knowledge reported
modulation bandwidth with reasonably low (<2V peak-to-peak) drive
voltage. The aim of this paragraph is to highlight some design aspects that
play a key role in design and operation of monolithically integrated devices.
At telecommunication wavelength both the laser and the modulator can be
fabricated in monolithical process on common InP substrate. Since the
function for each of them is different the composition of materials in QWs
will not be same i.e. wavelength is within bandgap for laser and below
bandgap for modulator. There are two possibilities of achieving desired
composition in appropriate places. First, to grow one material, then remove
it in some places and re-grow the second one forming a butt joint. The
second one is called selective area growth (SAG), where some areas are
protected from growth during the epitaxial process and then the protection
cover is removed, which permits the growth. The second method can be
modified by creation of narrow and wide opening used to change the
migration of the atoms and facilitate growth of slightly different conditions.
Since the composition can be chosen to individually optimize each
component, there are only few aspects of design to consider. The EA and
gain of the laser are polarization dependent, typically in TE coefficients are
higher than for TM. The geometry of rectangular waveguide is an excellent
method to protect polarization state all over the propagation direction.
Moreover the waveguide can be tailored separately for laser and EAM to
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modify confinement in the structure. The components should be electrically
isolated from each other, not only to prevent the current flow in steady state
operation, but also to eliminate a leak of the modulation signal from the
components - called the crosstalk. However it is recommended that the
short isolation section (typically undoped material for isolation where
contacts made by selective diffusion of dopant) provide at least 500kOhm
resistance [12], but a carefully chosen doping in the mesa contact layer and
distance between electrodes creates on-mesa isolation section, with the
impendence sufficient to prevent the crosstalk between leak of the signal
from EAM to DFB (here in order of 50kOhm). The applied rule is that
isolation level has to be significantly larger than the resistance of the device
(see Paper E). So for steady state operation the isolation is relatively large
compared to resistance of the laser (i.e. 5Ohm) and modulator (<100Ohm)
at the bias conditions. And for the high frequency signal, the impedance
and the capacitance have to be considered. The resistance between each
contact of the active segment (i.e. 10kOhm) has to be reflected onto ca
75Ohm of the microwave impedance of the passive line. This is illustrated
in Fig. 4.4.1a.

Fig. 4.4.1a Schematic top view and cross section along the mesa of
integrated DFB-TWEAM.
The short sections give rise to optical loss of optical signal (insertion loss for
that section) that is negligible if compared to in and out-coupling losses
optical beam between the laser and EAM, but are necessary to avoid
crosstalk of the signal in places where the metal is connected to
semiconductor. Since there are no needs for alignment and loss of
connection is low the benefits of integration is directly seen.
The propagation of light inside the waveguide with respect to the speed of
light in the vacuum is described by refractive index (group refractive index,
ng), thus the velocity is vO=c0/ng. The delay of the light during propagation
over the physical length L is hence τO=c0ngL. The electrical signal travels at
speed given by equation ve-2=L’C’=c0/ne thus delays τO=c0neL in active and
passive segments differ from the optical. The electrical wave delayed in the
active (capacitive part) is sped-up – partially compensated - in the passive
line (of inductive characteristic) to match the phase of the optical pulse
between both segments. The matching issue is considered in design of
isolation gap between the active segments and the passive length of the
microstrip of travelling wave electrode.
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The operation of QCSE in narrow wavelength region is a drawback
regarding careful design of the materials and precisely controlled growth.
Hence the flexibility of separate growth should be utilized to optimize
properties at certain wavelength. The operation of both components (due to
current flows) generates two heat centers that thermally change properties
of the QWs. The direct vicinity and the common substrate of both elements
allow the thermal flow between each segment and it has to be taken into
account in the design. The bandgap shrinkage caused by the raised
temperature was discussed in previous chapters. Here we need to remind
about the occurrences and give a design hint for increased offset of the
operation wavelength versus the laser gain and absorption curve. Thus
temperature dependent drop of gain and absorption can be, to some extent,
compensated by red-shift of the characteristics in wavelength spectrum.

4.4.2 Multifunctional advanced designs and versatility
The integration is important aspect for large market applications such as
Fibre-to-the-X, where X stands for home, building etc. (FTTX). Basically it
reduces the cost of single terminal by eliminating some individual devices.
And the fabrication cost is also reduced. The bi-directional fiber link to one
chip at the terminal will connect the end user. The common scheme utilizes
a single optical fiber, where uplink and downlink are provided at different
wavelengths
i.e.
1.3
μm
and
1.5μm
(see
Fig.4.4.2a).

Fig. 4.4.2a Scanning Electron Microscopy picture of diplexer module
[see. 31].
The single unit supports both the transmission and detection in a single
chip, hence it is necessary to separate the traffic and avoid signal
interference. A realization trial of device was reported in papers 2 and 8.
The segregation can be done in selective directional coupler where light
generation and detection can be achieved in specially designed widebandgap material.
The bidirectional link in a single fiber link was proposed with transceiver
DFB-EAT where a modulator form was used either as photodiode in
reception mode with DFB switched off (TWPD), or as transmitter with signal
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modulated continuous wave light from DFB laser (TWEAM). Large signal
operation was tested with 50Gbps data rates [papers 20 and 21].

Fig. 4.4.2b DFB-TWEAM and/or TWPD.
The versatility is considered to be important aspect in future optical
networks, also for Radio over Fiber (RoF) applications. Another example of
a device that exhibit EAT capability is sketched in Fig. 4.42.c.

Fig. 4.4.2c Reflective SOA-EAT.
In order to use the component in the reception mode the incident modulated
light is absorbed in the electro-absorption modulator operating as
photodiode, and the photo-generated carriers detected on the input/output
pads. In transmission mode the continuous wave light has to be coupled
into the chip. The modulation signal supplied to the electrodes (the
input/output pads) will be imposed on the injected light that propagates in
the waveguide. Since the light is reflected on the back facet of the
component (see high reflective –HR coating) the detection or modulation
efficiency is increased. In order to boost the light and compensate for the
coupling loss a semiconductor amplifier (SOA) is monolithically integrated.
The antireflective AR-coating has to be implemented to avoid multiple
reflection and self-pulsation of the SOA. The device is transceiver designed
for multifunction operation in narrowband frequency range, where
information channel is carried on high frequency electrical subcarrier. This
allows easy connection with antenna and broadcasting of the signal in free
space communication, and to eliminate the termination resistor. The
matching of the impedance of the microwave circuit can be achieved in a
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way similar to discussed in section 4.3.1. The inductance and capacitance
give resonance and the electrical transmission line of length λ/4 to both
propagate signal and to transform the termination impedance (short circuit)
to reactively match with the input line. Since no termination resistance is
required less power is consumed at the bias.
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Chapter 5
Characterization
5.1 Introduction
The components are investigated not only to check if they work but also to
see their complete performance and extract parameters. Testing is the best
way to optimize and / or improve devices and thus significantly influences
the design. However, even though the work to be described here deals with
dynamic characterization, we need to start with the steady state
measurements and then perform the dynamic characterization tests. The
extracted parameters should be confirmed (if possible) by measurements in
different techniques and characteristics reproduced to assure the working
conditions. It should always be possible to check if the values are
reasonable and in agreement with theory (provided in chapter 3 and 4).
A good habit is to check the dimension units of the results.
First of all we have to explicitly say that most investigations are performed
on test samples or components that are in form of chips, before any
packaging. Thus a proper characterization allows for selection of good
samples and analysis. Before doing any test it is important to observe if the
device under test is somehow isolated from the environmental conditions
and if the test conditions will not change under investigations. Therefore the
procedures start with setting the component in a place where ambient
temperature is stable and controlled. Typically that place is a stage with
a block of copper or bronze or any other physically and chemically stable
heat conductor. Often in order to prevent the stage from oxidizing the
surface is covered by a thin gold layer. The stage includes then a thermistor
and Peltier element that works as a heater or cooler depending on the
supplied current direction. The gradient temperature achieved on one side
has dissipated on the other, hence a radiator is necessary. The
semiconductor devices are sensitive to light. Thus it is important to minimize
the ambient luminescence (i.e. switch off lightening system in the
microscope). Similarly an external potential could either damage (by static
discharge) or only perturb the measurements. The ground shield has to be
attached always. Since processes in semiconductor materials are complex
a change in one parameter will affect many others and the analysis
complexity increases. Most device parameters are nonlinear and therefore
difficult to interpret. Steady state characteristics and small perturbations in
linear relations can be successfully applied to decompose the nonlinearity
and understand the physics.

5.2 Static measurements
5.2.1 Light, current and voltage characteristics
One of the first tests for all diodes is the current versus voltage I-V curve.
This test indicates problems in contacts, material etc. The measurement
setups and typical characteristics are presented in Fig. 5.2.1a. In order to
minimize errors in the measurements, when the diode is biased in forward
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direction (a small resistance) it should be measured with a method
providing the proper voltage, while under reverse bias a proper current
measurement should be used. Commonly the test equipment is made in
configurable way and can work as power supplier and perform
measurement with acceptable error.

Fig. 5.2.1a. Electrical setups for measurement of current vs. voltage
characteristic and illustrative curve of a diode D. Meters A – current,
V – voltage, R is the variable resistor. Additionally measurements involving
light input and output are provided for laser diode LD and photo diode PD.
The achieved parameters are:
- VT is the turn on voltage (also called voltage drop VD typically 0.5 V
- 0.7 V) that depends on the material (Eg) and composition. Note
that this voltage is not the voltage at the threshold current of
a laser.
- Vbd is the break down voltage. It gives the maximum bias and/or
modulation voltage for photodiodes and modulators (should be as
high as possible, typically of the order of 10V for the semiconductor
devices considered here).
- Idark is the dark photocurrent or diode leakage. This is the current
when no light is injected to modulator or photodiode. In an ideal
case it is a drift current but in a real component the defects cause
leakage. It depends on material and diode construction.
The forward (diffusion) current when conducting can be approximated by
equation I = I0 (exp(qV/k/T)-1), where I0 is the junction saturation (drift)
current, and q, k and T are electron charge, Boltzman constant and
temperature, respectively. I0 depends on the construction and material of
the junction.
The I-V characteristics of opto-electrical diode components only slightly
differ from the presented in Fig. 5.2.1a. It is due to additional effects
associated with photon involvement and its relation to carriers. The
measurements should include optical power extracted from or injected into
the semiconductor, hence it requires a broad area detector or a light
source, respectively. Due to working conditions, it is more convenient to
look at the light (optical power) and voltage versus current in the case of
lasers. But the general approach is to apply all possible tests i.e. to
investigate versatility [paper 21] or signal conversion [paper 20] where
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optical power both coupled into and out of a structure are present. For
modulators and photodiodes, current can be plotted versus voltage without
(Idark) and with light input (Iphoto). If they are anti reflection (AR) coated the
investigation in positive bias could benefit from spontaneous emission.
Typical measurement curves are presented in Fig. 5.2.1.b.

Fig. 5.2.1b. Photodiode (left) and laser (on the right) characteristics.
Insertion magnifies the current range close to the threshold.
Measured variables:
- Iphoto is the generated photo current with leakage
- Idark is the dark photocurrent or diode leakage
- R = (Iphoto- Idark)/Pin is the responsivity measured at constant bias
- Rd = dU/dI is the differential resistance, and shows the device
resistance biased in forward direction indicating the resistance of
the contacts and further connected to efficiency of carrier injection.
The value is important for heat generation and driving of lasers
- Vth is the voltage at threshold (typically 1.2 V – 1.6 V)
- Ith is the threshold current and Jth = Ith /A is the threshold current
density, A is the junction area
- Pmax is the maximum optical power when saturation occurs (due to
heat, gain compression etc)
- Imax is the current when output power is maximum
- η = dP/dI is the slope efficiency
The diode exhibits spontaneous emission (small light output before lasing,
see insertion) until the threshold current is reached and hence the voltage
in this region should slightly deviate from the expected one. Also the
contact resistance causes deviation. At laser threshold, a small kink of the
voltage occurs (not shown here) [12], and then the voltage in ideal case
should be clamped (all electrons are converted to photons via stimulated
recombination).
Vth is important for indicating problems in material quality, processing and
bad contacts. For example, in papers [Paper B and H] VCSELs of similar
QW design are presented. The oxide confined device had too high voltage
offset >2 V where the p-n confined had about 1 V.
The slope efficiency η and responsivity R are used to extract the differential
quantum efficiency (DQE, ηd = q/hν η) and external quantum efficiency
(EQE, ηext = hν/q R) and indicates efficiency of the energy conversion
between photons and electrons. η or R are also important parameters for
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modulation or detection, respectively, and determine possible use of the
components. The efficiency together with the maximum power, are
indicators for comparison of various components, see e.g. [Paper H].
For lasers, ηd is dependent on the mirror (αm) and internal (αi) losses in the
cavity as ηd = ηi αm /(αm + αi) where ηi is the internal efficiency of current
injection. For detectors, the word ‘external’ in EQE notifies that coupling
loss (ηC) is included in the response R = ηi ηC. Linear regression can be
used to extract ηd, ηi and αi for lasers with the same structure and material
but different lengths L, using the relationship ηd-1 = ηi-1 + ηi-1 Lαi /ln(1/r1r2)
where rx = (n1-n2)/(n1+n2) is the facet amplitude reflection coefficients of the
electric field for each laser end [Paper F].
The temperature affects the L-I-V characteristics of all components. The
semiconductors are very temperature dependent. The shrink of bandgap
and drop of the gain cannot be distinguished without resolving the optical
spectrum. The complex impact is most prominent on the threshold current
and is used to compare different lasers, but optical feedback located with
an offset to the gain peak can compensate the drop. Values of threshold
currents at various temperatures allow to determine characteristic
temperature T0 and current I0 as Ith = I0 exp(T/T0). And for simplicity
extraction is taken from T0 = (T1 -T1)/ln(Ith 1-Ith 2). Paper B, C and H present
VCSELs with a large gain-cavity detuning that exhibits negative T0. The T0
value used to compare different lasers can mislead. The direct comparison
can be used for Fabry-Perot lasers [Paper F]. Knowledge of the value is
beneficial mostly for application of uncooled devices. This figure of merit is
valid only if any temperature and corresponding threshold current are given.
The L-I-V with pulse current modulation omits the heat generated under
higher bias values. In the setup a pulsed current source of controlled duty
cycle, pulse duration and peak current is used to supply the bias, and the
light detector and voltage meter are triggered according to the pulse. The
comparison between the continuous wave and pulsed operation of the
device indicates the internal heat.
Combination of both optical injection and forward bias, as double pumping,
gives the transparency current (Itr) and hence transparency carrier density
(Ntr). Below the threshold bias current a presence of injected photons
stimulate absorption (for I<Itr) or radiation (for I<Itr). The classical way to
perform the experiment is to modulate the optical input and detect
modulation voltage across the diode. At the material transparency point the
detected signal (modulation voltage) reaches its minimum and the phase of
the changes sign. The signal is weak and hence the classical setup will
include amplifiers and phase locked loop. An alternative solution is to look
directly at the crossing point of L-I-V curves for dark conditions and with
light injection. This approximation is sufficient for most applications.
The characteristics provide parameters for extraction of nonlinearity.
A more detailed description is provided in a separate paragraph.
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5.2.2 Optical Gain, Absorption, Loss and Chirp measurements
The spectrum resolved optical measurements such as amplified
spontaneous emission (ASE) spectrum are performed below the threshold
and at the lasing vicinity. For the material characterization the best choice is
to fabricate a F-P laser. The ASE is a base for extraction of gain (g),
internal loss (αi), gain profile, and group refractive index (ng) at each single
bias current. A small increase of the bias current gives rise to gain and
refractive index change, so the differential gain (a) and chirp factor (αH) can
be calculated. The ASE is an alternative method to the Hakki-Paoli [32] and
[33] proposed for measurements of modal gain in a single transverse mode
waveguide, and is more accurate at higher optical power around the
threshold [Paper F].
The ASE measurement setup consists of a light collection system (set of
lenses, an optical isolator and a fiber) connected to an Optical Spectrum
Analyzer (OSA) see Fig. 5.2.2 a. The current driver and OSA are controlled
by computer software for data analysis and parameter extraction, and the
temperature is stabilized.

Fig. 5.2.2a The experimental setup and ASE measurements of F-P laser at
various temperatures. CL, OI, and FL are collimating lens, optical and
focusing lens, respectively. Insertion shows optical spectrum of few F-P
ripples.
The ASE measurements should be performed with high optical sensitivity
(≤-70dBm) and resolution (i.e. ≤0.1nm) thus the ripples can be easily
distinguished and the power of both the peak and the dip precisely
measured. The focusing and coupling losses negligibly affect the gain and
refractive index profile, due to equal attenuation of all the ripples and do not
perturb the relative heights of the ripples.
The ripples are caused by the light propagation along the waveguide and
multiple reflections from the facet mirrors, and hence the amplitude of the
ripples contains information about the net modal gain. The distance
between individual peaks (Free Spectral Range, FSR) is related to an
optical length that equals group refractive index times physical length
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(FSR = c/(2ngL)).
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formula:
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the facet amplitude reflection coefficients, ηsp is the population inversion
factor and ηi is the internal injection efficiency as obtained with help of the
L-I-V measurement. Note that nx is the refractive index in the media at the
interface (semiconductor and air) and was described in Chapter 2.
The extracted net modal gain Gnet = Γg − α i = 1 ln⎛⎜ S − 1 ⎞⎟ + α m is shown in
L ⎝ S +1⎠
Fig 5.2.2b which allows to estimate αi (see estimation in Fig 5.2.2b) and to
compare with the one extracted in L-I-V. Here S relates to optical
intensities: S = sqrt(Pmax -Pmin).
A further comparison of two Gnet curves at slightly different bias (see
insertion in Fig. 5.2.2a) yield differential gain Δg related to change of the
material gain (g) and shift of the peak related to changes in refractive index
of
the
material
Δn
and
hence
a
chirp
factor
4
n
π
δ f /δ I
4π Δg
g
. The gain (g = Im{ñ}) and
αH = −
=−
λ Δn
c δ (Γg − α i ) / δ I
refractive index (n = Re{ñ})are related to each other via Kramers-Kroning
[12].

Fig. 5.2.2b Net modal gain.
Confinement factor (Г) can be determined by measuring (or simulating) the
optical field and comparing with the cross section dimensions of active
material (mesa width and thickness of MQW region, measured by Scanning
Electron Microscopy or as defined by the growth thickness and electrode
width). With estimated αi (see Fig. 5.2.2b) the material gain (g) at certain
wavelengths can be calculated. The group refractive index (ng) can be
achieved in similar way by investigations of FSR versus wavelength.
Singlemode lasers with feedback can also be analyzed with ASE. Well
below threshold the filtering feedback influences only a small spectrum of
spontaneous emission and hence the net modal gain provides information
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about αi and FSR gives n. In the threshold vicinity the recorded spectrum
indicates the reflection and stopband of the filter and is useful to extract
feedback strength (κ). Fitting of optical spectrum at slightly different biases
close to the threshold provides Δg and Δn. The last one related to change
of the Bragg wavelength and hence chirp factor (αH) can be obtained from
Δλ Bragg [34]. Typical optical spectra of DFB laser below and
4π
α H = − 2 ⋅ ng ⋅
Δg
λ
above threshold are presented in Fig. 5.2.3a.
The electroluminescence EL of devices with an AR coating or a high loss
gives impression about the energy distance between electrons and holes
and its distribution, hence gain profile. The spectrum is similar to the one in
Fig. 5.2.2a but without ripples and differs from the photoluminescence (PL)
because of generated heat. EL is a material test used in regrown and
multisection structures (e.g SOA-EA, couplers) where optical access is
limited. The mechanism for photoluminescence is the conversions of
injected photons to excited electrons (generation) and then back to radiative
photons (spontaneous emission). The sample is exposed to white light that
equally pumps all possible energy states. For EL only the electrons are
supplied without involving generation mechanism.
The gain shape can be obtained from the material transparency, when the
optical injection is provided by a tunable laser with known wavelength. This
is however more complex, time consuming and the spectral shape is limited
to the tuning range of the injection laser. The injection can be used to
perform photoluminescecy (PL) investigation (in a way similar to (EL)) when
the material is without any bias.

5.2.3 Optical Spectrum Analysis
Side Mode Suppression Ratio (SMSR) is a parameter obtained from optical
spectrum analysis of laser under lasing condition and is extremely important
for singlemode lasers (SMSR >30dB, typically 40-50dB). The ratio
measures the power at lasing peak with respect to the second highest peak
in the spectrum, and can be considered as the spectral purity of the light
source. The characterization setup is exactly the same as in the case of
ASE measurements, see Fig. 5.2.3a.

Fig. 5.2.3a Optical spectra of DFB laser below threshold (black line), with
bias at the operation current typical for applying direct modulation (red), and
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at the current where maximum power is achieved (blue curve). The SMSR
is indicated.
The SMSR is an indicator to show if another mode has a chance to
compete for carriers with the lasing mode. A slow scanning over the bias
range can exhibit mode jumps and shows other effects that will contribute to
the direct modulation.
Due to the spectral resolution of typical OSA (7.5GHz) the linewidth of
semiconductor laser cannot be resolved. It can be measured with the use
of Brillouin scattering Optical Spectrum Analyzer (BOSA) for wavelength
range of 1520-1580nm, or with other techniques (e.g. self-heterodyne,
utilizing frequency discriminator such as unbalanced MZ Interferometer or
tiny finesse reference cavity, or by measuring beat note with other laser of
significantly smaller linewidth), and is not covered by this work.

5.3 Relative Intensity Noise (RIN)
Relative Intensity Noise (RIN) measurement and both time and wavelength
resolved photoluminescence are classified as dynamic methods, but
without directly applied modulation.
It is worth to look at the optical spectrum of a laser with a high resolution
spectrum analyzer such as Brillouin scattering Optical Spectrum Analyzer
(BOSA) before introducing RIN. As a comparison to the conventional
Optical Spectrum Analyzers (OSA) that is based on diffraction grating and a
detector, which are offering GHz resolution and wide measurement range,
the resolution of BOSA is a few Hz, but the operation wavelength limits
application to devices designed for the 1550 nm window. The optical
spectrum recorded by BOSA is presented in Fig. 5.3a.

Fig. 5.3a High resolution lasing spectrum [Spectrum resulted from author
cooperation; 34].
The laser exhibits a lasing peak of lorentzian line shape and intensity noise
with pronounced relaxation oscillations. Although from application point of
view a low noise output from the component is wanted, the noise analysis
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requires power sufficient to perform measurements and analysis. Since the
fluctuation of the intensities is several times smaller than the signal, a high
dynamic range or a separation of the signal and noise is required from the
measurement setup. The extremely high resolution permits direct
measurements of linewidth (δfST).
The RIN defines the instability of the power level of a laser called Intensity
Noise (δP) normalized to average output power (P) and is given by:

RIN =

δP
P

=

f2

∫ S ( f )df
l

. The Sl is power spectral density and follows

f1

+∞

definition: S l ( f ) = 2
δP(t )δP (t + τ ) exp(i 2πfτ ) dτ .
2 ∫
P −∞
The RIN setup consists of an Electrical Spectrum Analyzer (ESA), highspeed photodiode (PD), and electrical amplifier, see Fig. 5.3b on the left.
The optical isolator (OI) is necessary to avoid back reflection to the laser.
The responses of the PD, amplifier and cables have to be subtracted from
the measurements. In a case of weak optical power an EDFA followed by
band pass filter (broadband optical amplifier) are to be inserted before the
PD, the OI sufficiently protect the laser from EDFA back radiation. It is
important to choose a low noise laser driver (and optional EDFA). A typical
noise contribution from PD and amplifier is significantly smaller than the
laser instability. The ESA is DC sensitive but a protecting AC coupled
amplifier is sufficient. Hence for the RIN extraction the electrical noise
power E in bandwidth B is consider together with the average power of the
photocurrent P in the load resistor: RIN =E/(P·B), and results are given in
dB/Hz units.

Fig. 5.3b Experimental setup for RIN measurements and examples of
recorded spectra [Paper F].
Apart from information about the noise value, the frequency of the
relaxation oscillation (fr) of the laser and its damping factor (γ) can be
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extracted [35],

RIN =

4

π

δf ST

(f

⎞⎟
f 2 + ⎛⎜ γ
⎝ 2π ⎠
2

− fr

2

)

2

2

⎞⎟ f
⎛⎜ γ
⎝ 2π ⎠

, where δfST is the
2

linewidth given by Schawlow-Townes formula. Parameters extracted from
RIN are confirmed by these obtained from small-signal response [see
Paper F] and [38]. The damping factor and relaxation oscillations observed
at various bias currents provide γ0, Ith and K- and D-factors (see Chapter 3
for material and structure relations). The extractions are based on linear
regressions of γ = γ0 + Kfr2 and fr2 = D (I-Ith).
γ0 is simply the inverse recombination lifetime of the carrier. The RIN is
parasitic free and it is easier to find the resonance peak without need for
calibration and Network Analyzer. The factors are related to material and
⎞
⎛
Γv g a
.
structure by formulas: K = 4π 2 ⎜ τ p + ε ⎟ and D = 1 η i
⎟
⎜
2
qV
π
v
a
g
⎠
⎝
Measurement of noise on the laser contact pads is possible, when probing
with high-frequency probe and biasing via bias-Tee, and hence eliminating
the PD. The drawback of this approach is that it is more difficult to amplify
the noise signal and perform calibration of the high-speed elements. It is
due to impedance mismatch between laser and microwave network. It
destabilizes the operation point of the amplifier transistors, affects the laser
behavior and can provide to self-pulsation. Hence it can be tried on 50 Ohm
lasers i.e. VCSELs. A microwave isolator helps to eliminate the mismatch
problems, but in all cases the noise signal tends to be attenuated as the
complexity increases and is more difficult to distinguish from the setup
noise.
Recently RIN in digital modulation has been characterized. The RIN-OMA
(OMA stands for optical modulation amplitude) introduces the modification
that noise is measured in high and low power levels. This characteristic is
helpful for transmission systems and indicates quality of the transmitter
rather than individual parameters given by RIN.

RIN OMA =

N avg
PMOD B N

=

( N1 + N 2 ) 2
, where m is the modulation
4 m 2 BN

amplitude, NX are noise powers in modulation state on and off, BN is the
filter bandwidth (typically 0.8 of the bit time).

5.4 Dynamic characterization  small signal
modulation
In order to impress a signal on the light, a change can be made in the
optical power, phase, frequency or polarization. Generally the process to
impress the signal on any source is called modulation. Any characterization
performed with applied modulation can show the real behavior of the
investigated device close to the one intended in communication systems.
Due to this fact it is recommended to perform the test and pay more
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attention to results achieved in this way. From measurements of
modulation, for example inductance (L, X = 2πf·L) and capacitance (C, X =
(2πf·C)-1) can be calculated from the imaginary parts of the impedance Z
(called reactance, X).

5.4.1 Small signal response
Setup, calibration and measurements
The small signal response measurement setup is presented in Fig. 5.4.1a.
The key element is a Vector Network Analyzer (VNA) that sends and
detects electrical waves of controlled frequency (f). Opto-electrical network
analyzers also exist for characterization in electrical domain with calibrated
electro-optical and opto-electrical converters (such as laser with high speed
modulator and high speed photodiode). In small-signal-analysis a rotating
phasor ΔV·exp(i·2πf·t) with a small magnitude is superimposed and causes
a corresponding small change in the response of the component. It could
be a change of either the carrier and the photon number as in the case of
a laser, or the absorption coefficient related to the reverse voltage of
a modulator, or a photocurrent in the case of optical receivers. The
instrument measures the reflected waves which give the reflection
coefficients S11 and S22, and the transmitted waves that are related to
transmission coefficients S21 and S12, for ports RF1 and RF2, respectively.
The magnitudes are given by SXX = 20·Log(│VIN /VOUT│), where VIN and
VOUT are the voltages of outgoing or incoming waves to and from the port,
and the phase is taken as the phase difference at the reference planes.
Typically VNAs have built in Bias-Ts connected to bias ports in order to
provide necessary voltage or current supply to the device (here Device
Under Test (DUT)), but an external Bias-T can be used if no DUT has
special electrical biasing circuit. It can be easily observed that a reflection at
the DUT output (for example short circuit) gives an additional signal
contributing to S11 and hence the measurements should take this into
account. Reflection calibration has to be performed also for proper
transmission measurements.
The characterization setup (see Fig. 5.4.1.a) includes the aforementioned
VNA to obtain responses, high frequency cables, adapters and probes (on
the right is presented a high-frequency probe from [36]) to connect the
device. The complete setup, with cables, adapters etc. need to be
calibrated. Depending on the form of the device and access contacts
(different for package than chip) this can be done with special calibration kit
for coaxial contacts or with probes (like the one presented on the right in
Fig. 5.4.1a) utilizing a calibration wafer. High speed coaxial cables are
designed to work as singlemode up to a certain frequency, where the most
common are 20, 40, (46-50) or 67 and 110 GHz and classified by contact
class: SMA (3.5mm), K-type (2.92 mm), V-type (2.4 or 1.85 mm) and 1mm.
The frequency and loss are related to diameter of the outer and centre
conductors. Beyond 110 GHz only cavity waveguide structures are
available today.
The kit to calibrate cables [37] is based on 50 Ohm match components
called: short, open, sliding load (movable termination load, which has a
small reflection [37]) and fixed load. All of them are designed for connection
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to 50 Ohm lines with well defined reference plane. The short and open
completely reflect the signal with phase of -180° and 180° at certain
distances, respectively, while the loads provide minimum reflections (50
Ohm termination). There is one more calibration standard called “through”
that corresponds to transmission between ports RF1 and RF2. Complete
two ports calibration is necessary at very high frequencies to eliminate
measurement problems that are caused by mismatch of impedance in DUT.
Probe calibration [46] is composed on slightly different standards. The
calibration wafer (called also substrate) is a piece of insulating material
covered by plenty of structures (short, open, 50 Ohm load and various
lengths of transmission lines – “through”). In order to assure good and
reproducible contact the probe scratches a bit the surface of probing pads.
It is recommended to move forward the probe by a few µm distance when
the contact is observed (or control the DC resistance if applicable). The
good habit is to check (via the built in bias-T) the resistance when short,
load and through to assure connection between probe and structure. Since
a three electrode probe, Ground-Signal-Ground (GSG), has better high
speed performance than the one with only two electrodes, Ground-Signal
(GS or SG), they are most common, but a special attention needs to be
paid when probing. It is difficult to notice if one ground is disconnected, and
this will destroy the calibration (similarly if this happens during
measurements) and hence a check of all responses with applied correction
(and repeated measurements on the device) can help to eliminate
uncertainty.

Fig. 5.4.1a Setup and high frequency probe.
The conversion between electrical and optical domain requires special
treatment. Since opto-electrical components make the networks
unidirectional (components are transmitting or detecting light) there are
measurement of S11 and S21, only. There are alternative non-direct methods
to achieve the electro-optical response (discussed later), but the best way
to get the response is to perform electrical calibration of the setup and then
add the DUT and an opto-electrical converter with a known transfer
function. This approach was used for obtaining responses in the presented
work [all Papers except G].
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The purchased probe and converter commonly have calibration data
supplied and replacement is straight forward by adding and subtracting the
S21 curves to the recorded S21 of DUT if the converter has perfect matching
to 50 Ohm. When reflection in the converter port is involved calculations are
more complex and require de-embedding in circuit simulator. The
procedure is described in [27].
It is worth to observe that the response of a high-frequency probe can be
approximated if the setup is calibrated by probing the calibration items on
the substrate with two similar probes. After on-wafer calibration one probe
is removed and the response of the disconnected probe can be subtracted.
The probes are designed for 50 Ohm and for DUT reflections above -20 dB
the compensation for the probe reflection response it is not critical. The
forward transmission is measured without the probes but with the cables
connected to each other and the loss is assumed to be equal for the two
similar probes.
Since information regarding the calibration and measurements were
provided the importance is now to describe shortly the meaning of the
results as return loss and transfer function.
The Return Loss is noted as S11 and S22 for RF1 and RF2 ports,
respectively (only one is used for opto-electrical components). It is caused
by impedance mismatch between component and the 50 Ohm line, and in
some cases a resistance is required to improve matching. This has
tremendous impact on packaging and drivers, amplifiers etc (due to
imperfection they do not have 50 Ohm) for both the signal quality
(distortion, ghost effect introduced by multiple reflection from various
components) and the device protection. The impedance mismatch give rise
to reflection Γ = (ZDUT - Z0)/(ZDUT + Z0) , and creates signal loss. The
reflection is also called “return loss” since reflected power is not absorbed
by the load. The measured reflection is often used to obtain parasitics,
when the amount of light is limited or no light at all for example a
characteristic of reversed bias laser is dominated by contact capacitance.
Since photocurrent induces resistance and voltage drop across the diode
(affects the capacitance), the measured return loss with no light input is
important as complementary data of modulators and photodiodes.
The forward transmission signal with respect to the input is called transfer
function (S21 or H(f), in linear scale or in dB through 20·Log(H(f))) and it is
the most interesting characteristic of opto-electrical device. The transfer
function can be complex and it is important to provide the response curve
instead of stating only the bandwidth. The value of the bandwidth is defined
at half of the power (factor of 3 dB), and it is the frequency at which only
50 % of the response at DC can be achieved. Similarly the narrowband
components do not have high response at low frequency and the bandwidth
is stated as the width of the peak (at half of the power) Full Width at Half
Maximum (FWHM). The reason to spend more time on the whole transfer
function is that the curve indicates resonances that can be used to increase
bandwidth. In pulse response and the resonances cause ripples (ringing
effect) and might provide self-oscillations (bad quality for use as
generators), hence the amount for practical reasons needs to be limited.
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5.4.2 Response of a light source below and beyond threshold
A modulation of device emitting spontaneous photons (e.g. laser below
threshold, LED) exhibits response related to carrier lifetime and the
contacts parasitics. With a proper design the last one is not limiting the
carrier lifetime limited response and can be neglected, but the response for
reverse bias will yield properties of parasitics. In Paper F the differential
carrier lifetime (τd) was extracted from diode resistance and capacitance of
the diode that were extracted from return loss, and confirmed by transfer
function at same bias. By definition τd is the change of the recombination
processes related to the number of carriers. The measured S11 and S21
characteristics below threshold and one slightly beyond are presented in
Fig. 5.4.2a

Fig. 5.4.2.a Equivalent model for diode and S11 responses of S21 of laser at
various bias currents. Vg and Rg are voltage generator (VNA) and its
impedance, respectively. Cp is the pad capacitance Rd is contact resistance
that provide carriers to QWs. The Ca and Ra are capacitance and resistance
of active layer, where τd = Ca·Ra.
The carrier density N is related to τd as: N ( I bias ) =

I bias

∫τ

d

dI . Since the output

0

power is small an EDFA amplifier and/or electrical amplifiers can be
introduced to improve the modulation signal quality. The transfer function of
electrical amplifier (roll-off) has to be taken into account in corrections or
included in calibrations.
When the bias reaches threshold the stimulated recombination becomes
the dominating mechanism and depletes the carrier reservoir. The photons
interact with carries and remove them faster, with a time interval called
photon lifetime (τp) that is the cavity lifetime and indicate the decay time of
the light in the cavity. A typical transfer function of a laser operated at
various bias conditions is presented in Fig. 5.4.2b.

- 48 -

Fig. 5.4.2b Modulation responses (S21) of laser bias at various currents
(arrow indicates increased bias current).
The S21 response can be fitted to a 3-poles function:

H( f ) =

αm
const exp( − j 2πfτ e )
, where const = 4π 2 Cf p
αm + αi
γ ⎞
⎛ 2
2
f ⎟( jf + f p )
⎜ fr − f + j
2π ⎠
⎝

is

related to response at DC, and τe is an experimental delay in the
measurement setup. Both the amplitude and the phase are used together
for curve fitting and data extraction, and hence increase accuracy of results.
Similar to RIN, the resonance (relaxation oscillation, fr), damping factor (γ).
However RIN shows only internal properties of the laser material and
structure and the transfer function indicates an additional parasitic pole (fp).
In the same way as in RIN extracted at each bias current resonance and
damping values can be set to give γ = γ0 + Kfr2 and fr2 = D (I-Ith). Hence
carrier lifetime (γ0) and K- and D-factors can be found. These are related to
material

D=

and

structure

by

formulas:

⎛
ε ⎞⎟
K = 4π 2 ⎜ τ p +
⎜
v g a ⎟⎠
⎝

series

Γv g a
1
, and used as the figure of merit. The transfer function
ηi
2π
qV

exhibits device modulation bandwidth, and allows to extract parameters that
are crucial to calculate theoretical bandwidth limits if only one limiting factor
is present. We can define three types of limits that influence the transfer
function:
- the damping f 3dB ,damping = 2π 2

K

- the thermal f 3dB ,thermal = 1 + 2 f r , max
- the parasitic f 3dB , parasitic = (1 + 3 ) f p
This has been verified in following publications. Paper A shows transfer
function of a tunable singlemode EEL at various sets of wavelength limited
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by thermal effects. Papers B, C, and H present VCSELs that exhibit
parasitic limited responses (due to high resistance and capacitance). The
responses in Paper F presents high speed F-P laser (>20 GHz) that suffer
from contacts parasitics. The f3dB,damping is closely related to K-factor and
hence material and structure properties. It is called internal limit.
Since the dynamic resistance Rd gives rise to high reflection, connection of
a laser to a large signal drive signal require an additional matching circuit
(typically series resistor for low and parallel for high impedance devices).
Hence S11 above threshold is provided very seldom. The reflected signal
will indicate the resonance frequency fr, and an extra inductor La can be
add in parallel to the presented in Fig. 5.4.2a diode internal circuit Ca and
Ra.

5.4.3 Photodiode and modulator
The modulators and photodiodes are commonly connected to electrical
amplifiers thus in order to avoid reflections which cause signal perturbations
the electrical circuits must be matched to 50 Ohm impedance (see Fig.
5.4.3a).

Fig. 5.4.3a Typical electrical circuits used for biasing photodiode (left) and
intensity modulator (right) with separated DC supplier voltage and 50 Ohm
termination.
Both S21 and S11 measurement has to be performed and some of the
procedures using VNA were already provided. The PD characterization can
be done by comparison with other one of known response.
Papers D and E presents high speed Travelling-Wave Electro-Absorption
Modulators (TWEAM). The large modulation bandwidth (ca 100 GHz) is
supported by results from small signal analysis of return loss and transfer
function and modeling. In order to evaluate the physics the devices were
tested to work as modulators and as photodiodes.

5.4.4 Chirp parameter
The chirp parameter using small signal modulation can be measured in
different non-direct techniques that are illustrated in Fig. 5.4.4a. This work is
based on experience gained during participation in COST 288 action and
was internally reported there (see [34]).
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Fig. 5.4.4a Experimental setups for chirp characterization (left) and typical
responses obtained with unbalanced MZ (B) and dispersive medium (C) (on
the right).
If broadening of linewidth or change of the wavelength has to be resolved
with respect to modulation frequency a finesse filter (see case A in Fig.
5.4.4a) or unbalanced Mach-Zehnder interferometer (see case B in Fig.
5.4.4a) can be used as frequency discriminator. For this application
a narrow reflection (transmission) Bragg grating can be fabricated. The
signal located on the slope will change the intensity due to the modulation
amplitude and related optical frequency change. A comparison with
response obtained when no filter is applied distinguishes the change of the
wavelength. For practical reasons the filter requires high precision of
adjustment, tuning and stability, thus it is not commonly in use. The
unbalanced Mach-Zehnder Interferometer has two arms of slightly different
lengths and two outputs providing the light after interference. The bias is set
to the point where half of the intensity is available in each arm. The
modulation applied to the device will cause that in both arms the signal
follow the intensity change Pin(t) (intensity modulation, IM), but due to
different length the frequency deviation (frequency modulation, FM) will
increase intensity (IM+FM) Pout,1=Pin(t) sin2(π ν τ) in one and decrease (IMFM) Pout,1=Pin(t) cos2(π ν τ) in the second arm. Where ν=c/λ is the light
frequency, and
τ=1/FSR is the interferometer time delay [39]. Hence
a balanced detector or subtraction between two separate measurements at
each arm can give the change of the wavelength. The FM normalized to IM
and divided by modulation frequency is related to chirp parameter αH [12],
[40]. The normalization makes the measurements parasitic tolerant.
Variation of the setup involving dispersive medium such as long standard
singlemode fiber (SMF) or dispersion compensated fiber (DCF) is depicted
in part C in Fig. 5.4.4.a. The Fiber Transfer Function Method (FTFM) was
proposed by [41], and becomes most popular technique [34, 42, Papers F
and H] to extract the dispersion length product (D·L) of the fiber and chirp
parameter (αH) of siglemode lasers and modulators. The signal after
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propagation over dispersive medium can be compensated for the loss in the
medium and then normalized to response without dispersion. The detected
intensity

becomes:

(

I ( f ) = m 1 + α H ⋅ cos πλ2 DLf
2

2

)

c + arctan (α H ) ,

where m is an arbitrary fitting parameter.
Characterization of αH with use of FTFM and with unbalanced
interferometer the calibration can be limited to through and performed on
the complete link with DUT and PD with neither dispersive fiber nor
frequency discriminator. Characterization of chirp parameter is presented in
Paper F.

5.5 Dynamic characterization  large signal
modulation
5.5.1 Operation under digital modulation
Applying large signal modulation increases complexity of analysis due to
additional nonlinear effects and often more complicated forms of signals
such as digital. The results provide useful information for design of
electronics, transmission systems and for use of components in other
application and measure the limits. The large signal performance is the
most wanted one, and describes component properties for use in real world
and hence it is tested at extreme operating conditions (i.e. high
temperature). Also various tests are proposed to simulate the conditions
and give impression how freely chosen signals (format and levels) can be
converted from electrical to optical domain. The most popular format, and
simplest to achieve for the electronics, is the non-return to zero (NRZ), and
modulation done by switching light between two states, representing logical
‘1’ and ‘0’ so called On-Off-Keying (OOK). In principle it means that the bits
are taken from registry and directly applied. The formats can be Return
Zero, (RZ, pulse has shorter duration and the symbols look like ‘1’0’ and
‘0’0’ for ‘1’s and ‘0’ respectively), CNRZ, etc. where many power levels
involved. There are also more advanced formats based on subcarrier
modulation [paper ICT] but for the digital data is always in form of
‘present - 1’ or ‘not - 0’, and hence device evaluation of NRZ-OOK with
coding is the base. A detailed description of the formats, coding etc. is
lengthy and valid mainly for system evaluation. This work focuses on
components and only the important points are noted.
Since it is difficult to have exact combination of bits that form the
information that will be composed, in order to evaluate the devices
a combination of consecutive zeros and ones is carefully chosen to
approximate a random sequence. Hence it is called “Pseudo Random”, and
further bits are collected in words or Bit Sequences (PRBS). The number of
bits in sequences is noted “word length” (WL) and commonly stated in base
of 2, and in all combinations there is always one less symbol, thus the WL
is 2N-1. The N is standardized as 7, 9, 11, 15, 20, 23, and 31, thus the
longest combination of ones is N-1 and followed by zeros N-2, where the
shortest is equal ‘10’. Increasing the WL broadens the modulation spectrum
toward the lower frequency range. The modulation speed is defined in bits
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per second and given in standards i.e. 10 Gb/s. Considering the WL and
bitrates (BR) the range of frequency covered by the signal can be
calculated as a band between (21-N BR) and (BR).
The modulation signal PRBS of certain WL is generated by Pulse Pattern
Generator (PPG). The signal can be amplified/attenuated, filtered and has
to be delivered to the device where electro-optical conversion occurs. The
optical signal is monitored by an optical spectrum analyzer (OSA) and back
converted to electrical domain for further investigations. The signal is tested
by a digital spectrum analyzer (DSO), also called communication analyzer
for quality diagnosis and the bits are distinguished in time and for level by
a decision circuit and the number of wrongly detected counted in a bit error
rate tester (BERT). The DSO can be triggered by pattern or typically 1/32 of
the clock, for pattern recognition and eye diagram analysis. The BERT is
synchronized by the clock signal. The measurement setup is presented in
Fig. 5.5a.

Fig. 5.5.1a Setups for investigations of large signal digital modulation, for
intensity performance (top) and for chirp characteristics (bottom). Pulse
Pattern Generator (PPG), Dispersive Fiber or Filter (DF), Variable Optical
Attenuator (VOA), Noise Source (typically EDFA), Optical Spectrum
Analyzer (OSA), Photodiode (PD), Bit Error Rate Tester (BERT), Digital
Sampling Oscilloscope (DSO), Chirp Test Set (CTS).
System operates at high power and all components are designed for
50 Ohm impedance. Reflections perturb the signal and might provide
damage and hence protection and impedance matching over a wide
frequency range is a challenge. This problem was already mentioned but it
can also be suggested to use a set consisting of attenuator – amplifier –
attenuator to isolate the PPG from reflections caused by device, as it was
introduced in [i.e. Papers A, B, F, H].
In similar way as the bias the modulation signal should be defined. The
level (modulation voltage or current) and input signal characteristic (coding
format, WL, BR) is provided just like the bias conditions, and the resulting
output is reflected on it.
Commonly the output light is first tested in DSO where signal is triggered by
1/32 of the clock frequency and waveforms are displayed on top of each
other causing an overlapping effect in the shape of an eye. The eye
diagram (if eye is open) allows to measure many properties and to observe
various phenomena, and it is shown in Fig. 5.5b.
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Fig. 5.5.1b Eye diagram.
The Extinction Ratio (ER) is defined as the ratio between optical power
levels for on (P1) and off (P0) states, ER=P1/P0, and the Quality factor (Qfactor) is given by Q=(P1-P0)/(σ1-σ0), where σ is measured as the noise
and/or power fluctuation in corresponding states. Changes in the observed
time domain pulses can show as a ringing effect that is caused by
resonance in the device explicitly shown also by the small signal transfer
function. Since in most devices an increase of ER can be achieved without
increasing the modulation signal by lowering the power at ‘0’ (i.e. more
absorption in EA or lower bias of a laser) the strength of the signal and
noise contribution get more value. This result is observed by Q-factor. Both
ER and Q-factor parameters are needed for a proper signal detection, the
values are provided at an optimized bias and signal conditions. The height
of the eye is related to ER and average power, but it can be explicitly
provided as swing power. The rise time and fall down time can depend on
the input signal, but sometimes the device is limiting. The time between 10
and 90% of the signal power (or 20-80%) should be provided. The
waveforms overlap to give smooth lines and crossing points. The input
signal in most cases is provided with crossing level at 50% and deviation
from this on the output tells about saturations, overshoot etc. The deviation
in the time of crossing is called jitter and provided with an average value.
The eye width and height are related to above parameters and the average
optical power, and are helping to set decision level for bit diagnosis.
However the ER and Q-factor are eye opening indicating the quality of the
signal, but they are not sufficient for most of transmission experiments. The
eye cannot show if after some combination of bits an error occurs and
matches exactly the time, but is sufficient to prove the concepts and show
physics and dynamics. Building detection system and putting decision level
with precise time and clock intervals provide most convincing operation
data. Thus it is required for commercial use of device. The numbers of
errors with respect to number of data gives Bit Error Ratio (BER). However
the BER can be related to Q-factor as BER = ½ erfc(Q/√2), where erfc is
the complementary error function, but due to the aforementioned reason it
is an approximation, only. The BER is often measured with respect to
amount of power delivered to the receiver (signal attenuated by VOA), or
referred to Optical Signal to Noise Ratio (OSNR) where an extra white
noise (from EDFA) is added to the signal. The OSNR is defined as a ratio of
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signal power at the peak (typically in 0.1 nm bandwidth) to the noise power
interpolated at the position of the peak. Plotting of the BER versus received
power in a special scale (due to Poisson noise a semi-logarithmic erfc)
should cover a few decades of BER (typically 5) and few dB of power
(common >3dB) and provide a straight line [see error plotting paper 47].
The term error free (EF) operation is when the BER is below 10-9. There
can be also a certain number of errors that are continuously introduced by
the device causing BER floor. The BERs are measured without and with an
inserted fiber link (shown as DF in Fig 5.5.1a), that can be of various length
and dispersion. The transmission penalty is measured as difference on the
input at error free levels. The dispersion can broaden or compress (if the
chirp is against the dispersion) optical pulses and influence the signal
quality, providing positive or negative penalty. However BER is
characterizing the complete link, and it is mostly correlated to the
performance of the weakest part in the chain. Hence the performance of the
tested device should be obtained.
Papers A, C, D, E, and H shows the eye diagrams, where the BER was
tested in [paper 6] as an evaluation of the system.
The frequency response of device can be partially judged from
measurement of BER or comparison of eyes with and without fiber link.
Under large signal modulation sidebands located next to the carrier
frequency can be distinguished with BOSA or by utilizing a scanning
narrowband filter as wavelength to intensity conversion, such as FabryPerot ethalon [43]. The height and position is of the peak is related to
modulation depth, chirp and frequency. A small difference between lower
and higher frequency sideband is related to sign of the chirp parameter.
Since modern opto-electrical components are intentionally made of low
chirp and F-P filter has very narrow resonance and FSR in range of single
GHz, these measurements can cause problems. Employing an optical unbalanced interferometer such as Michelson type [44] or Mach-Zehnder type
with balance detection (see Chirp Test Set (CTS) [45]) allow to design for
the FSR almost arbitrarily. The FSR will depend on optical difference
between arms (e.g. fibers length) and actual interference can be controlled
by temperature or mechanically. Figure 5.5.1c shows the interferometer and
time resolved measurements of intensity and chirp of pulses. The fiber
version of the interferometer is presented in Fig. 5.4.4 part B.

Fig. 5.5.1c Unbalanced interferometer setup with balanced detection (left)
and example of measurements of intensity and frequency response (on the
right).
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Generally the frequency shift by chirp parameter (αH) is related to the
change of intensity (extracted on the slope) and its average value following
relationν (t ) = α H dI (t ) , where I(t) is the optical intensity. Under large
4π I (t ) d (t )
signal modulation bit sequences temporally change the bias conditions for
the device and hence the frequency deviation, chirp parameter, and
intensities indicate pattern dependence. In Fig. 5.5.1c the noise is observed
at 0101010… in time ca 0.2-0.4 ns and 1.7-2.0 ns. The time domain chirp
was reported in COST 288 action [34].

5.5.2 Harmonics and intermodulation distortion
Linearity is an important issue not only for the analogue systems but it is
considered in digital applications especially for complex modulation formats.
The nonlinearity can be already observed in deeper analysis of the
standard L-I-V curves. The output power (either from the laser or
transmitted through the modulator) expressed in polynomial series:
POUT = a1IIN+a2IIN2+a3IIN3+… for a laser, and as POUT = PIN·(a1VIN+a2VIN2+…)
in case of modulators. The modulation introduces perturbations as IIN(t) or
VIN(t)=A·cos(ωt).
Hence
the
output
signal
becomes:
POUT = a1 A cos(ωt ) + a 2 ( A cos(ωt )) 2 + a 3 ( A cos(ωt )) 3 ... =
= 1 a 2 A 2 + a1 A + 3 a 3 A 3 cos(ωt ) + 1 a 2 A 2 cos(2ωt ) + 1 a 3 A 3 cos(3ωt ) + ...
2
4
2
4
Thus the signal contains an extra DC term, slightly modified linear and the
second (2ω), the third (3ω) and other higher order harmonics. Similarly to
the small signal analysis the use of modulated signal will be a closer
approach to the conditions where device is used. The Nth Harmonic
Distortion (HDN-th) measures the extra produced signal (at particular
harmonic frequency) with respect to the signal (a1) at fundamental
frequency. Practically there is an assumption that ¾a3<<a1. That causes
that the power of the signal received at higher harmonics is related to power
at the fundamental, HDN-th=P(N·ω)/P(ω). Also if the modulation signal is
complex i.e. composed of two signals of slightly different (100kHz)
frequencies, it will cause so called Intermodulation Distortion (IMDN-th).
For IIN(t)= IIN,1(t)+ IIN,2(t), where IIN,1(t)=A cos(ω1t) and IIN,2(t)=A cos(ω2t) the
output becomes:
POUT = a1 A(cos(ω1t ) + cos(ω 2 t )) + a 2 A 2 (cos(ω1t ) + cos(ω 2 t )) 2 + a 3 A 3 (cos(ω1t ) + cos(ω 2 t )) 3 +...

(

)

Thus signals at different frequencies appears:
IP 2; ω1 ± ω 2 ; a 2 A 2 cos((ω1 + ω 2 )t ) + a 2 A 2 cos((ω1 − ω 2 )t )
IP3; 2ω1 ± ω 2 ; 3 a 3 A 3 cos((2ω1 + ω 2 )t ) + 3 a 3 A 3 cos((2ω1 − ω 2 )t )
4
4
3
IP3; ω 2 ± 2ω 2 ; 3 a 3 A cos((2ω 2 + ω1 )t ) + 3 a 3 A 3 cos((2ω 2 − ω1 )t )
4
4

The reception of the original signals at ωn and ωm can affected by the thirdorder intermodulation distortion IMD3 =IP3/P(ωn)= ¾ a3A2/a1 at frequencies
2ωn-ωm. The experimental setups for verification of higher order harmonics
and intermodulation distortion are presented in Fig.5.5.1a.
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Fig. 5.5.1a On the left, characterization setups for higher order harmonics
(top) and intermodulation distortion (bottom), and observed signals (middle)
and graphical interpretation of results (to the right).
The key elements are signal generators (wave symbol), high speed
detectors and wide bandwidth electrical spectrum analyzers ESAs.
Additionally a wide bandwidth 3dB power splitter, and optionally isolators for
instrument protection, is needed for IMD evaluation. Typically the
measurements are performed at various frequencies for comparison
purposes. In case of HDN the recorded power levels require correction for
frequency dependent signal loss in the connection between photodiode
(PD) and ESA, the IMD3 covers narrowband frequency range and it can be
measured without any compensation.
The harmonics and distortion measurement determines the maximum
amplitude of signals that can be used without observing nonlinearity Spurious Free Dynamic Range (SFDR).
The characterization and results were reported under projects [b] and [f]
and investigated for [paper 12] and [paper 18].

5.5.3 Optical sideband and beating techniques
It is possible to achieve magnitude of transfer function response of light
sources in optical domain. Optical spectrum under light modulation provides
the optical carrier and sidebands located at the distance of the modulation
frequency from the optical carrier. Thus observation of the optical power
carried by the sideband replaces measurements with an opto-electrical
converter. The resolution and dynamic range of optical spectrum analyzer
(OSA) is limiting the low frequency modulation signal, and for precision
purposes the frequency should be taken from a signal generator. In
a similar way S21 of photodiodes can be determined by use of beating
frequency of two lasers (one continuous wave and second tunable) and
large bandwidth electrical spectrum analyzer (ESA) without having high
speed modulated light sources. A Brillouin scattering type of OSA has
resolution and dynamic range sufficient to provide both the power and
frequency measurements. Hence no need for calibration of the signal
generator and wavelengths of lasers can be precisely defined. Both of the
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techniques are illustrated by Fig. 5.5.3a and both of them require correction
of signal drop in cables.

Fig.5.5.3a Setups for measurements transfer function of electro-optical (top)
and opto-electrical (bottom) devices without VNAs and extra converter. LD,
TLD stands for laser diode, and tunable laser diode, and OSA, ESA are for
optical and electrical spectrum analyzers, respectively.
Beating techniques are used for measurement of linewidth, but this is left
outside of this thesis.

5.6 Wavelength and time resolved photoluminescence
For material characterization and QW design a time and wavelength
resolved PL are important techniques for investigation transport effects [13],
and hence need to be briefly explained. One of the photoluminescence PL
techniques was mentioned by describing electroluminescence. The time
and wavelength resolved PL lies on same physics as the standard PL
spectrum measurement. The modification is introduced to discover the
carrier transport effects inside the material. Instead of the white light the
sample is exposed to radiation of high energy (Ti: Sapphire laser) femtosecond pulses (repetition rate76 MHz, central wavelength 780nm, pulse
duration 130fs, power 130mW) and setup shown in Fig. 5.6. The carriers
transport is determined with a special test structure. On the top there is an
absorbing cap layer (i.e. 600nm thick) of InP to generate the photo-carriers,
then the QWs of investigated material. Below them is an additional thin and
deep QW (e.g. a 10nm QW for 1650nm wavelength) which works as
a marker well for the time resolved PL, and trapping QWs (i.e. a 50nm thick
region design for 1400nm) that protects the carriers from investigated QWs
from falling into the detection well and generating a false signal.
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Fig. 5.6 Setup for time resolved PL and [13]
These carriers from the cap layer diffuse to the investigating QWs with
decay exp(-t/τ1). Increasing the number of carriers the diffusion starts to feel
more of investigated QWs. The PL increases as 1-exp(-t/τ2) which is
observed at 1550nm wavelength. This time constant is the time interval that
is needed to diffuse carriers from the cap layer in the QWs and the capture
time in QWs, so it is close to τ1. The marking well (at 1650nm) emits light
when the diffusion is strong enough to pass through the investigated QWs.
The time constant τ3 as (1-exp(-t/τ3)) is then expressing the delay caused by
the transport from InP cap over the QWs toward the marking QW. Hence
the time interval τ3-τ1 over the total thickness of the QW region gives the
effective velocity (veff=(τ3-τ1)/L) and diffusion length Deff=L2/(τ3-τ1) of carriers
in the investigated QWs.
Hints and golden rules:
1) Always increase density of measurements points in the vicinity of
threshold current, and points of extremes such as power or
absorption.
2) Perform S11 and S21 characteristics beyond the roll off – to achieve
largest possible fr and beyond saturation power (if possible).
3) In order to increase dynamic range of VNA and hence signal
quality, and distinguish dips in FTFM use small bandwidth of the
filter (recommended ≤30 Hz) and high number of points
(recommended 401 and 801 for 20 and 70GHz, respectively)
4) For large bandwidth devices it is worth more to measure IMD3 than
HD2 and cover entire modulation range.
5) FTFM works well with DCF for 1.5 and even around 1.3µm. DCF
has higher dispersion to loss ratio than the SMF.
6) In FTFM and in unbalanced MZ with single output, practically the
S21 calibration can be limited to through on the response of device
with detector (without fiber or MZ) and still provide good accuracy if
the detector has good matching. Hence normalization of both
responses (with and without fiber) can be avoided or simplified.
7) If small signal measurements indicate peculiarity and 3dB
bandwidth smaller than required for certain bitrates, the large signal
case will be even worse and error free operation cannot be
achieved.
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8) For eye-diagrams and BER use the lowest word length at the
beginning. The longer words can be affected by bias circuit i.e.
Bias-T cut-off.
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Chapter 6
Summary, conclusion and future work
Since the thesis title is: “Dynamic Characterization of Semiconductor Lasers
and Intensity Modulators” the description starts with an introduction of more
the general subject of optically active semiconductors. Thus in the first parts
of the thesis the general view on electronic and photon associated
processes in the semiconductor are given, and use of semiconductor in
wide areas of application is shown. The demands created by a specific
application influence the choice of both the material and the structure. The
principle of the bandgap, the dimensions, effects induced by stress and
doping are introduced in order to illustrate the complexity of the physics.
The physics are divided with respect to application. The lasers are very
important for generation of the light which further can be modulated,
propagate over any distance in various medium, and finally received. Hence
the chapter devoted to lasers treats the physics of light generation and
design of the resonator cavity and the features of the optical feedback.
A part of this chapter is intentionally spent on the dynamic effects, only,
where attention is provided to both the material and the structure
parameters. The importance of feedback is shown as well for the photons
and carrier distributions as for their impact on dynamics. However, lasers
can be designed to perform various functions (i.e. tunable wavelength),
their complexity increases when integrating many different materials in the
same structure, the more sophisticated designs are considered from a point
of view of each individual aspect separately. The integration and hence
integrated structures are more critical for multi functional devices that
perform operations simultaneously. One simple example is laser integrated
with modulator, the most common transmitter in today’s optical
communication. Various kinds of integrated structures, versatility and
electro-optical modulators themselves are considered in chapter 4. Since
the internal properties are not the major limitations of the dynamic effects,
more attention is given to the parasitic phenomena. The electrical circuits
are investigated looking through the microwave theory prism. The chapter
introduces the reader to special designs that overcome some limits i.e.
travelling waves that are utilized to increase the efficiency and improve the
dynamic parameters. The next chapter (Chapter 5) indicates various kinds
of measurement techniques that are used for characterization of the basic
material parameters and the structure properties. Also some types of
investigations (especially under large signal operation) are determined by
interest of specific application. The chapter is written as a guide to the
metrology methods, parameters extraction and other analysis and test of
devices that are defined in previous chapters (lasers, modulators,
photodiodes, etc.). The properly made measurements ease the parameter
extraction and analysis of physics and enable definition of limitations. They
are crucial for making decisions on the design of the structures and make
a direct impact on the improvements.
This thesis can be read as short compendium that exhibits the principles,
connect many individual aspects that have to be considered for operation
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and/or application of the device, where the measurements show direction
and the way to separate and discover the physics behind. Since there are
illustrative pictures given, the understanding of the roles of photons,
electrons and their interactions in the environment of semiconductor
material can be easy and intuitive. Hence the general approach of the
thesis results in tests of any material for light absorption, emission and/or
conversion in order to justify the material or crystal quality. This provides to
thesis conclusions that the consideration of many aspects of the material
(i.e. response as modulator, photodiode or light emission), that are not
intended to be applied for conventional operation of the device, will help to
get inside the physics and details on material parameters.
Since there are always demands that research and development is only
trying to satisfy, there exist a large room for investigation of the novel
components, structures and materials. The trends to make systems faster,
more robust and cheaper create hard conditions for the semiconductor
engineering. Hence a wide range of characterization methods and
techniques are of special interest for ongoing development. Deep
understanding of the dynamic processes in semiconductors is of great
importance for those dealing with modern technology. The next future steps
in the technology are determined to satisfy the demands on information
providing through large communication bandwidth.
Also progress in life and human existence push other branches of photonics
toward novel application scenes (i.e. bio-photonics, polymer fabrication)
that necessitate work in composing and manufacturing of new materials. It
puts an impact on the methods for testing. Thus the future of measurement
in this area is not defined by the criteria for choosing device and
applications. The optical measurements are key tools for deep
understanding of arbitrarily chosen media including living cells. They open
a large window for science of metrology, where the investigation and
treatment indicates the direction for the research. Thus the measurement
techniques and equipments are continuously improved, modified and
targeted.
Future work is connected to the included papers. Progress in widely tunable
MG-Y lasers (Paper A) was made and devices are commercialized. The
laser structure was integrated with Mach-Zehnder modulator for 10Gb/s
transmission over long distance fiber link.
VCSELs presented in Papers B, C and H were based on large offset
between cavity resonance and the gain peak. All exhibited various types of
parasitic limits. A big challenge for the future work is to optimize structure
(doping) and dimensions to discover and utilize performance up to the limits
caused by the internal properties. The novel gain material is interesting for
understanding of physics of the highly stressed quantum wells. The
continuation should involve fabrication of edge emitting Fabry-Perot and
DBR lasers that would allow measurement of the gain and dynamics with
relation to feedback induced changes. Since the serial 100Gb/s on-offkeying modulation has not reported yet, the stand alone electro-absorption
modulators and those integrated with lasers should be fully tested for
applications at this bitrates. The work concerning Papers D and E should
be focused on the demonstration and then on further improvements of both
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the structure and the material. There is a large room for efficiency
improvements if more efficient materials are used, i.e. based on bandgap
engineering. One could consider increasing the number of QWs to
completely fill up the intrinsic region, the larger interaction area could turn
into higher efficiency. A more complex structure suitable for pre-forming the
signal can be implemented to manage the chirp. The Paper F was inspiring
for the further work indicated above, which could result in new materials
implemented in both lasers and modulators. The continuation regarding the
material based on InGaAsP/InGaAlAs Quantum-Well should aim at
processing high speed singlemode lasers, various designs of DFBs and
DBRs. It will be interesting to test this material for signal detection and
conversion. The detuned loading effect and the role of loss in the optical
feedback section explained in Paper G was starting to be observed during
experiments. The results were not completely used, thus a set of structures
for demonstration of the feasibility will give a chance to construct high
speed lasers and even optical resonators. The work covered in this paper
might be well attached to the novel material shown in Paper F.
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Chapter 7
Summary of the original work
This chapter contains short summary of the included work followed by
statement of author contribution.
Paper A. High-Speed Direct Modulation of Widely Tunable MG-Y Laser
Marek Chaciński, Mats Isaksson, and Richard Schatz
Photonic Technology Letters, vol. 17, no. 6, June 2005 pp. 1157-1159
Abstract: The dynamic performance of the modulated-grating -branch laser
is presented. In order to reach over 40nm tuning range, the devices utilize
an additive Vernier effect and relative tuning of two reflecting gratings. The
device shows high (13dBm ex-facet) and uniform (1.2dB variation) steady
state output power over the tuning range, and sidemode suppression ratio
40 dB. The laser behavior under small- and large-signal operation
conditions is investigated. The laser exhibits a resonance frequency of 7.4–
8.8GHz at 80mA bias. A 10Gb/s eye diagram measurement showed high
extinction ratio and signal-to-noise ratio.
The aim of the work was to evaluate both the static and the dynamic
properties (a small signal analogue and large signal digital operation) of
a complex-cavity in the monolithically integrated laser. The tests were
performed over entire tuning range of wavelength.
Author conducted experimental evaluation of the device and parameter
extraction. Author contributed to conclusions and took major part in writing
manuscript.
Paper B. Single-Mode 1.27μm InGaAs Vertical Cavity Surface-Emitting
Lasers with Temperature-Tolerant Modulation Characteristics.
Marek Chaciński, Richard Schatz, Olle Kjebon, Mattias Hammar, Rickard
Marcks von Würtemberg, Sebastian Mogg, Petrus Sundgren, and Jesper
Berggren
Applied Physics Letters, vol. 86, 211109, 2005
Abstract: The dynamic performance of InGaAs/GaAs 1.27μm single-mode
vertical cavity surface emitting lasers VCSELs is presented. In order to
reach such a long wavelength, the devices utilize highly strained doublequantum wells and a large detuning between the material gain peak and
cavity resonance. It is found that the large detuning improves the
temperature stability of both static and modulation characteristics. A
resonance frequency of 7.8–9.5GHz and optical power of 0.30mW in fiber
was maintained throughout the investigated temperature range of 20–90°C.
The intrinsic response of the device suggests that long-wavelength
InGaAs/GaAs VCSELs have the potential to be used as low cost uncooled
optical transmitters at 10Gbit/s.
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The aim of the work was to evaluate Vertical Cavity Surface Emitting Laser,
and temperature influence on the dynamic parameters. The limitations of
modulation and internal properties of the device were discovered. The
paper concluded in observation that the gain-cavity offset counteracts the
temperature dependent changes. Hence in most wanted case, where no
cooling applied to the device, there are benefits of compensating
degradation with acceptable price on room temperature operation. Building
an experimental setup and achieving good coupling and single-mode highspeed operation with low power device were challenging. Author
contributed in construction of the setup and experimental (steady-state,
small-signal dynamic, large signal operation) evaluation of the device. Also
performed parameters extraction, then initialized and substantially
contributed in work on the paper.
Paper C. 1.3μm InGaAs VCSELs: Influence of the Large Gain-Cavity
Detuning on the Modulation and Static Performance.
Marek Chaciński, Olle Kjebon, Richard Schatz, Rickard Marcks von
Würtemberg, Petrus Sundgren, Jesper Berggren and Mattias Hammar.
ECOC 2004, Stockholm, Sweden, pp. Th2_4_2
Abstract: We report static and modulation properties of 1.27μm single mode
largely gain-cavity detuned strained InGaAs VCSELs with resonance
frequency higher than 7GHz for the temperature range 20-90°C
The first evaluation of dynamic properties of long wavelength InGaAs/GaAs
based Vertical Cavity Surface Emitting Laser. The characterisation was
made on two devices, one with large and second with small offset between
the gain peak wavelength and the cavity resonance. Both components were
operating at singlemode conditions. The temperature induced impacts on
the dynamic properties of the two VCSELs were investigated. The paper
presented eye-diagram of transmission over 5km long standard singlemode
fibre (SMF) at 10Gb/s bitrates (NRZ, PRBS 31) achieved with directly
current modulated VCSEL. The eye-opening was noise limited. Some of
mechanical parts of the experimental setup were fabricated. In order to
increase coupling efficiency that would allow conducting experiments with
low power devices in SMF environment a lot of engineering work was
performed in order to achieve conical shape ended by a spherical-like lens
of the silicon fibre tip. Thus work on experimental setup and complete
dynamic characterizations of the device were provided by author. Great
parts in results analysis, conclusions and in reporting were taken.
Paper D. Electroabsorption Modulators Suitable for 100-Gb/s Ethernet
Marek Chaciński, Urban Westergren, Bo Willén, Björn Stoltz, and Lars
Thylén
Electron Device Letters, vol. 29, no. 9, September 2008, pp. 1014-1016
Abstract: The design of a traveling-wave electroabsorption modulator
(TWEAM) has been improved to decrease the drive voltage. The absorption
layer was optimized and together with a novel segmentation of microwave
design was introduced to increase the active modulator length. The
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resulting -3dBe bandwidth of fabricated devices was estimated to be
99GHz. Extinction ratios of 10dB back-to-back and 6.7dB after transmission
over 2.2km long fiber were measured with an incident drive voltage of only
2Vpeak to peak. This TWEAM performance is believed to constitute a new
state of the art for modulators suitable for 100Gb/s Ethernet with on–off
keying.
The state-of-art travelling wave electroabsorption modulator has been
characterized. The high speed small signal reflection (S11, called return
loss) and electro-optical response (S21) were measured to 70GHz. The
large signal modulation and transmission experiment were performed at
datarate of 50Gb/s. The measured data were used for parameter extraction
and modeling of higher speed (beyond 100GHz) response. The nonperiodic segmentation, changes in optical confinement together with
decreased thickness of an intrinsic layer combined with enlargement of the
interactive length were crucial to improve absorption efficiency. The work on
organization and rebuilding of the test-setup as well as whole
characterization were author’s solid contribution. A deep analysis of and
component selection were also performed by author. Novel approach of
utilizing modulator as detector in order to extract other parameters was
successfully implemented by author. A part of conclusions derivation and
input for the next mask layout were supported by author. The manuscript
was initiated by author and he continued writing with other co-authors.
Paper E. Monolithically Integrated 100GHz DFB-TWEAM
Marek Chaciński, Urban Westergren, Björn Stoltz, Lars Thylén, Richard
Schatz, and Stefan Hammerfeldt
Journal of Lightwave Technology, vol. 27, no. 16, August 2009,
pp. 3410-3415
Abstract: A monolithically integrated Distributed Feedback (DFB) laser and
Travelling-Wave Electro-Absorption modulator (TWEAM) with ≥100 GHz 3dBe bandwidth suitable for 100 Gb/s Non-Return-to-Zero (NRZ) operation
with On-Off Keying (OOK) is presented. The steady-state, small-signal
modulation response, microwave reflection, chirp characteristic, and both
data operation and transmission were investigated. The DFB-TWEAM was
found to be an attractive candidate for future short distance communication
in high bitrates systems.
In similar way to the paper above, the experimental evaluation of a
monolithically integrated distributed feedback laser (DFB) with a high speed
electroabsorption modulator was offered by author. Since the external
optical input to the absorber was replaced by laser, the tests included both
the static and the dynamic operation of each part of the complex device. In
the stage before fabrication, author contributed to device layout aiming in
elimination of crosstalk between laser and modulator. Various types of
analysis were performed by author to test the quality of material and
structure (i.e. spectrum resolved absorption, amplified spontaneous
emission, relative intensity noise, sensitivity to optical reflection etc.).
Conclusions supported by author build a large base for improvement for
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new generation components, also an input for the next mask layout was
provided. The high speed small and large signal operation was
investigated. The measured data were used for parameter extraction and
modelling of higher speed response, that was a base for realization study
for transmission of 100Gb/s non-return to zero on-off keying bitrates.
Organization and reconstruction of the experimental setup as well as whole
characterization were performed by author. The paper was initiated and
writing conducted by author.
Paper F. Experimental Characterization of High-Speed 1.55 μm Buried
Hetero-Structure InGaAsP/InGaAlAs Quantum-Well Lasers
Muhammad Nadeem Akram, Olle Kjebon, Marek Chaciński,
Richard Schatz, Jesper Berggren, Frederic Olsson, Sebastian Lourdudoss
and Audrey Berrier
Journal of The Optical Society of America B, vol. 26, no. 2, February 2009,
pp. 318-327
Abstract: Detailed experimental characterization is performed for 1550nm
semi-insulating regrown buried heterostructure Fabry–Perot (FP) lasers
having 20 InGaAsP/ InGaAlAs strain-balanced quantum wells (QWs) in the
active region. Light-current-voltage performance, electrical impedance,
small-signal response below and above threshold, amplified spontaneous
emission spectrum below threshold and relative intensity noise spectrum
are measured. Different laser parameters such as external differential
quantum efficiency ηd, background optical loss αi, K-factor, D-factor,
characteristic temperature T0, differential gain dg/dn, gain-compression
factor ε, carrier density versus current, differential carrier lifetime τd, optical
gain spectrum below threshold, and chirp parameter α are extracted from
these measurements. The FP lasers exhibited a high T0 (78–86.5°C) and
very high-resonance frequency (23.7GHz). The results indicate that
appropriately designed lasers having a large number of InGaAsP
well/InGaAlAs barrier QWs with shallow valence-band discontinuity can be
useful for uncooled high-speed direct-modulated laser applications.
The paper is focused on a novel material that utilizes 20 quantum wells
(QW) that form active region. The QW are strain balanced and optimization
of the material composition was made with taking into account problems
with providing carriers. The material engineering resulted in nonconventional bandgap offset that were made to more uniformly populate the
QW. A large improvement in gain, confinement, temperature tolerance and
better high speed properties as compared to conventional design F-P lasers
were achieved. The characterization included most of material tests and
extraction many parameters. Author contributed partially to evaluation of the
material and performed all investigations regarding dynamic properties. The
small-signal analysis (return loss and response) below beyond threshold,
relative intensity noise, data extraction and part of conclusions were
provided by author and formulate a solid and integral part of the paper. The
large signal various format and bitrates modulation experiments were
performed and results published elsewhere. Author contributed to writing
the manuscript.
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Paper G. Impact of losses in the Bragg section on the dynamics of detuned
loaded DBR lasers
Marek Chaciński, Richard Schatz
(Submitted paper)
Abstract: The dynamics of a DBR laser with optical losses in the Bragg
section
is studied in detail. It is found that the modulation response depends not
only on the detuning of the lasing wavelength from the Bragg reflectivity
peak but also on the magnitude of the waveguide losses in the Bragg
section. Depending on the losses, the damping of
the relaxation peak can either increase or decrease when the laser is
detuned on the long wavelength flank of the Bragg peak. Hence, in order to
achieve maximum modulation bandwidth of the laser, the laser needs not
only have the correct detuning but also an optimized waveguide loss in the
Bragg section. The physical reason for this dependence is discussed in
terms of a modified rate equation model.
The work deals with distributed Bragg reflector (DBR) laser. The inspiration
was observation of exceptional behavior on the damping factor with respect
to slope of the mirror reflection. This originated simulations and deep
investigation of the physics of detuned loading effect. The importance of the
loss present of the mirror section as a factor forming the complex shape
(the amplitude and the phase) of the Bragg reflectivity is underlined. Since
linewidth enhancement factor (called chirp factor) lasing position with
respect to reflectivity slope (its real and imaginary parts) is crucial for steady
state (i.e. threshold current, linewidth) and for the modulation response
(hence achieved resonance frequency and damping factor). The dynamic
properties are presented as higher order complexity functions of the chirp
factor and reflection. The last one is decomposed on the real and imaginary
parts of reactive confinement that is connected to complex effective length
of the reflector. The intuitive model together with the energy related true
description (travelling and stored energy) of the optical resonator is shown.
The paper summarized the relative improvement of the modulation speed
for DBR laser compared to Fabry-Perot. The loss in mirror was found to be
important for both the high speed lasers and optical resonators (i.e. lasers
working in self pulsation conditions). Author utilized simulation tool
developed by co-author and contributed with numerical calculations of the
effect for the detuned loading phenomena. He made algebraic calculations
to explain the intuitive phenomenological picture of the laser and derived
comparisons between various approaches of DBR laser model. Moreover
the simulations were performed with other software in order to confirm
results. Author originated and contributed to process of writing manuscript.
Paper H. Dynamic Properties of Electrically p-n Confined, Epitaxially
Regrown 1.27 μm InGaAs Singlemode VCSELs
Marek Chaciński, Rickard Marcks von Würtemberg, Richard Schatz,
Xiangang Yu, Jesper Berggren, Urban Westergren and Mattias Hammar
IET Optoelectronics, vol. 3, no. 3, May 2009, pp. 163-167
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Abstract: The dynamic performance including chirp measurements of
1.27 μm singlemode InGaAs/GaAs vertical-cavity surface-emitting lasers
(VCSELs) with a large gain-cavity offset is presented. The VCSELs are
based on a novel p n confinement structure with selective area epitaxial
regrowth. A resonance frequency of 9.11GHz, slope efficiency of 0.25W/A
and an α-factor of 5.7 were measured. The modulation bandwidth is limited
by electrical parasitics. Eye diagrams at 5Gb/s with 7dB extinction ratio
(ER) and Q-factor around 5 were obtained. The results are compared to the
performance of oxide confined VCSELs with similar active layer and
negative gain-cavity detuning.
The paper presents novel concept of VCSEL based on a similar quantum
wells material as the one in papers B and C (which were used for
comparison purposes). Also large gain-cavity offset concept and surface
relief is utilized to achieve lasing above 1260nm. The substantial difference
is in the construction of confinement and dielectric top mirror. Due to nondoped intercavity material reduction of optical loss and then increase of the
output power was obtained with lasers. For the first time chirp factor of long
wavelength VCSEL was measured. The lasers were provided from
collaborative authors, and the characterization completely delivered as own
contribution. The small-signal response, electrical impedance and
investigations made were substantial for understanding of the material and
structure dependent parameters. The large signal operation and
transmission experiments were also provided by author. The observations
and conclusions are key input for improvement for future design of high
speed VCSELs. The investigation resulted in proposals of new test
structures that are crucial for exploiting physics of the VCSELs. The
manuscript was written by author with a very helpful feedback from coauthors.

- 69 -

References
1 Shawlow and Townes “Infrared and optical masers”, Physics Review
Letters, vol . 112, no. 6, pp. 1940-1949 (1958)
2 Maiman “Stimulated optical radiation in ruby masers” Nature, vol. 187,
pp. 493-494 (1960)
3 Marshall I. Nathan, William P. Dumke, Gerald Burns, Frederick H. Dill,
Jr., and Gordon Lasher “Stimulated Emission of Radiation From GaAs
p-n Junctions“ Applied Physics Letters, Vol 1, No 3, pp. 62-64 (1962)
4 R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson,
“Coherent Light Emission From GaAs Junctions” Physics Review Letters,
vol. 9, no. 9 pp. 366-367 (1962)
5 see e.g., http://parts.jpl.nasa.gov/mmic/3-I.PDF
6 Michael R. Krames, Oleg B. Shchekin, Regina Mueller-Mach, Gerd O.
Mueller, Ling Zhou, Gerard Harbers, and M. George Craford, “Status
and Future of High-Power Light-Emitting Diodes for Solid-State
Lighting”, Journal of Display Technology, vol. 3, no. 2, pp.160-175, (June
2007)
7 H. P. A. van den Boom, W. Li, P. K. van Bennekom, I. Tafur Monroy, and
Giok-Djan Khoe “High-Capacity Transmission Over Polymer Optical
Fiber” IEEE Journal on Selected Topics in Quantum Electronics, vol..7,
no. 3, pp. 461-470, (May/June 2001)
8 www.research.philips.com/newscenter/pictures/downloads/storage_opt_041_h.jpg
9 S J Lee, N H Shin, J J Ko, M J Park and R Kiimmel “Density of states of
quantum dots and crossover from 3D to QOD electron gas”,
Semiconductor Science Technology, vol. 7 pp. 1072-1079 (1992)
10 Michael A. Parker “Physics of Optoelectronics” ISBN 0-8247-5385.
11 B. Van Zeghbroeck “Principles of Semiconductor Devices“ http://ecewww.colorado.edu/~bart/book
12 Lary A. Coldren & Scott W. Corzine “Diode Lasers and Photonic
Integrated Circuits” John Willey & Sons, New York, ISBN 0-471-11875-3
(1995)
13 M. Nadeem Akram, Ph.D. Thesis “Photonic Devices with MQW Active
Material and Waveguide Gratings: Modelling and Characterization”,
October 2005 ISBN 91-7173-132-3
14 Sebastian Mogg Ph.D. Thesis “Long Wavelength Vertical-Cavity Lasers:
Material and Device Analysis”, ISBN 91-7283-564-8 (September 2003)
15 Rickard Marcks von Würtemberg Ph.D. Thesis “Design and Fabrication of
Long Wavelength Vertical Cavity Lasers on GaAs Substrates”, ISBN97891-7179-990-7 (June 2008)
16 K. Peterman “Laser Diode Modulation and Noise” Kluwer Academic
Publisher 1991, ISBN90-277-2672-8
17 T.L. Koch, U. Koren, B.I. Miller Applied Physics Letters, 53, 1036 (1988)
18 V.J. Jayaraman, Z-M. Chuang, L.A. Coldren, J. of Quantum Electronics,
vol. 29, 1824 (1993)

- 70 -

19 S.W. Corzine, R.S. Geels, J.W. Scott, R.-H. Yan and L.A. Coldren, Design
of Fabry-Perot surface emitting lasers with a periodic gain structure,
J. Quantum Electronics, vol. 25, no. 6, pp. 1513-1524, (June 1989)
20 C.H. Henry “Theory of the linewidth of semiconductor laser”,
J. of Quantum Electronics vol. 18, pp. 259-264 (1982)
21 Christoph Harder, Kerry Vahala, Amnon Yariv, “Measurement of the
linewidth enhancement factor alpha of semiconductor lasers”, Applied
Physics Letters, vol. 42, no. 4. pp. 328-330 (1982)
22 M. Kamp, T. Happ, S. Mahnkopf, A. Forchel, S. Anand and G.-H. Duan
“PC based active optoelectronic devices” in “Photonic Crystals- Advances
in Design, Fabrication and Characterization “, Villey-VCH Verlag GmbH
&Co Weinheim, ISBN 978352740432
23 Wim Bogaerts Ph.D. Thesis “Nanophotonic Waveguides and Photonic
Crystals in Silicon-on-Insulator”, Universiteit Gent, Belgium (2003-2004)
24 Reinhard Laroy Ph.D. Thesis “New concepts of wavelength tunable laser
diodes for future telecom networks”, Universiteit Gent, Belgium (20052006)
25 D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegmann,
T. H. Wood, and C. A. Burrus, “Band-Edge Electroabsorption in
Quantum Well Structures: The Quantum-Confined Stark Effect," Physics
Review Letter, vol. 53, no. 22, pp. 2173-2176, (November 1984)
26 D. A. B. Miller and D. S. Chemla, “Relation between electroabsorption in
Bulk Semiconductors and in Quantum wells: The Quantum-confined
Franz-Keldysh effect” Physical Review Letter, Vol. 33, No. 10, (May 1986)
27 R. Lewén, Ph.D. Thesis “High-Speed Electroabsorption Modulators and
p-i-n Photodiodes for Fiber-Optic Communications”, ISBN 91-7283-544-3,
(June 2003)
28 Stefan Irmscher Ph.D. thesis “Design, Fabrication and Analysis of InPInGaAsP Travelling-Wave Electro-Absorption Modulators”, ISBN 917283-543-5, (June 2003)
29 www.syntune.com
30 Jonathon Scott Barton, Ph.D Thesis, “The Integration of Mach-Zehnder
Modulators with Sampled Grating DBR Lasers” Santa Barbara, Ca,
(2005)
31 www.phoxtal.com
32 B. W. Hakki and T. L. Paoli, “Gain spectra in GaAs double heterostructure
injection lasers,” Journal of Applied Physics, Vol. 46, pp. 3096–3099,
(1975)
33 J. Nilsson, “Measurement of wavelength and current dependence of gain,
refractive index and internal loss in semiconductor lasers” Technical
report, KTH, Sweden (1996)
34 Author
cooperation
within
COST
288
action,
http://www.een.bris.ac.uk/cost288/home.html
35 Tom Fukushima, Radhakrishnan Nagarajan, John E. Bowers, Ralph A.
Logan, and Tawee Tanbun-Ek “Relative Intensity Noise Reduction in
InGaAs /InP Multiple Quantum Well Lasers with Low Nonlinear
Damping”, IEEE Photonics Technology Letters, vol. 3, no. 8, (August
1991)
36 www.ggb.com

- 71 -

37

HP reference note: http//cp.literature.agilent.com/litweb/pdf/59894840EN.pdf
38 Cristina Carlsson, Hans Martinsson, Richard Schatz, John Halonen,
Anders Larsson “Analog Modulation Properties of Oxide Confined
VCSELs at Microwave Frequencies” Journal of Lightwave Technology,
vol. 20, no. 9, (September 2002)
39 David Grant, “Time-Resolved Dynamic Chirp Measurement” for Nortel
Networks
40 R. Schimpe, J.E. Bowers, and T.L. Koch, Electronic Letters, vol. 22, pp.
453, (1986)
41 F. Devaux, Y. Sorel, and J. F. Kerdiles ”, Simple Measurement of Fiber
Dispersion and of Chirp Parameter of Intensity Modulated Light
Emitter”, vol. 11, no. 12, pp. 1937-1940, (December 1993)
42 R.C. Srinivasan and J.C. Cartledge “On using fiber transfer functions to
characterize laser chirp and fibre dispersion” Photonics Technology
Letters, vol. 7, no. 11, pp. 1327-1329, (1995)
43 www.micronoptics.com/uploads/library/documents/Datasheets/FILTERS
%20-%20FFP-SI%20-%200809.1.pdf
44 Edgard Goobar, Ph.D. Thesis “Characterization of Modulation and Noise
Properties of Semiconductor Lasers”, ISRN KTH/MVT/FR –91/3—SE,
(November 1991)
45 Advantest,
www.artisan-scientific.com/info/Advantest_Q7606AB_Datasheet.pdf
46 Cascade Microtech Inc., www.cmicro.com
47 www.circadiant.com

- 72 -

