
ETH Library

A TCAD analysis of long-
wavelength vertical-cavity surface-
emitting lasers

Doctoral Thesis

Author(s):
Bäcker, Alexandra

Publication date:
2009

Permanent link:
https://doi.org/10.3929/ethz-a-005842398

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-005842398
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


A TCAD Analysis of Long-Wavelength Vertical-

Cavity Surface-Emitting Lasers





Diss. ETH No. 18330

A TCAD Analysis of

Long-Wavelength

Vertical-Cavity

Surface-Emitting Lasers

A dissertation submitted to the

SWISS FEDERAL INSTITUTE OF TECHNOLOGY

ZURICH

for the degree of

DOCTOR OF SCIENCES

presented by

ALEXANDRA BÄCKER
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Abstract

Since their commercial introduction more than ten years ago, vertical-
cavity surface-emitting lasers (VCSELs) have become an attractive
light source in a variety of application fields. Their excellent charac-
teristics in terms of size, power consumption, spectral purity as well as
cost made them widely used in areas including computer mice, optical
communications, chemical sensing, or laser printing.

Over the last decade, technology computer aided design (TCAD)
tools for the computer simulation of optoelectronic devices have made
great progress, especially in the context of the simulation of VCSELs.
An important requirement for the realistic simulation of optoelec-
tronic devices is to model the device physics as accurately as possible.
By means of TCAD tools a better insight into a laser’s internal device
characteristics as well as a better understanding of the device physics
can be gained.

This doctoral thesis deals with the TCAD simulation and analysis
of long-wavelength VCSELs. The simulations are performed with the
commercial device simulator Synopsys Sentaurus Device.

After an introduction to VCSELs, the basic equations necessary
for the device simulation are reviewed. A thorough calibration of
the electro-opto-thermal properties of a long-wavelength VCSEL with
tunnel junction is presented - in this extent for the first time for a VC-
SEL featuring a tunnel junction aperture. For the calibration process
the entire epitaxial device structure has to be available, which is pro-
vided by courtesy of BeamExpress SA. This calibration includes the
light-current-voltage (L-I-V) as well as the wavelength and far field
characteristics over a range of temperatures. A good agreement be-
tween simulations and measurements presents a prerequisite for a fur-
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viii ABSTRACT

ther analysis of the device behavior or an optimization of the VCSEL
characteristics by means of simulation.

The temperature-dependence of external device characteristics,
such as threshold current, thermal roll-over, and single-mode stability,
is investigated in detail by means of the calibrated simulation. The
parabolic shape of the threshold current over temperature is a result
of the (temperature-dependent) spectral mismatch between gain peak
and lasing wavelength as well as Auger recombination. The minimum
of the threshold parabola does not coincide with zero offset between
gain peak and lasing wavelength. Auger recombination is a driving
part behind thermal roll-over.

Special emphasis is laid on the understanding of the mode-switch-
ing behavior of the VCSEL: This mode analysis is based on the de-
tailed calibration of the far field which displays the single- and multi-
mode regimes of the laser. In this context, the temperature and car-
rier dependence of the (real part of the) refractive index is analyzed in
order to understand the physical mechanisms which influence - apart
from structural measures - the onset of the lasing of the optical modes
and, hence, the optical far field. The investigated VCSEL displays an
increased single-mode stability at higher ambient temperatures which
is found to be given by the specific gain-mode overlap. This thesis
closes with a design optimization aiming at improving the maximum
single-mode output power. Apart from the single-mode output power
the threshold current is also significantly reduced over a range of ambi-
ent temperatures. The wall-plug efficiency is approximately doubled.



Zusammenfassung

Oberflächenemittierende Laserdioden (VCSELs,
”
vertical-cavity sur-

face-emitting lasers“) haben sich seit ihrer Markteinführung vor über
zehn Jahren zu einer attraktiven Lichtquelle für eine Vielzahl von An-
wendungen entwickelt. Exzellente (Bauteil-)Eigenschaften wie Grösse,
Leistungsaufnahme, spektrale Reinheit wie auch der Preis führten zu
ihrer weiten Verbreitung in Bereichen wie Computermäusen, optischer
Kommunikation, chemischen Sensoranwendungen oder Laserdruckern.

”
Technology computer aided design“ (TCAD) Umgebungen für

die Computersimulation optoelektronischer Bauelemente haben im
letzten Jahrzehnt grosse Fortschritte gemacht. Diese sind vor allem
auch an den jüngsten Verbesserungen der Simulationsfähigkeiten von
VCSELn sichtbar. Eine wichtige Voraussetzung für die realistische
Simulation optoelektronischer Bauelementen ist die möglichst korrek-
te Modellierung der Bauelementephysik. Durch die Verwendung von
TCAD-Umgebungen kann ein besseres Verständnis der Laser-internen
Prozesse sowie der Bauelementphysik gewonnen werden.

Die vorliegende Dissertation behandelt die Simulation und Analy-
se langwelliger VCSEL mittels TCAD. Die Simulationen werden mit
dem kommerziellen Bauelementsimulator Synopsys Sentaurus Device
durchgeführt.

Nach einer kurzen Einführung in die Thematik der VCSEL, wer-
den die grundlegenden Gleichungen der Bauelementsimulation zusam-
mengefasst. Die sorgfältige Kalibration der elektro-opto-thermischen
Kenndaten eines langwelligen VCSELs mit Tunnelkontakt wird - erst-
malig in diesem Umfang - präsentiert. Für den Kalibrationsprozess
müssen die epitaktischen Strukturdetails genau bekannt sein. Das un-
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x ZUSAMMENFASSUNG

tersuchte Bauelement wurde freundlicherweise von der Firma Beam-
Express AG zur Verfügung gestellt. Die Kalibration umfasst die Licht-
Strom-Spannung (L-I-V) Kennlinien sowie die Wellenlängen- und Fern-
feldcharakteristika für eine Reihe von Umgebungstemperaturen. Eine
gute Übereinstimmung der Simulationsergebnisse mit den Bauteilmes-
sungen stellt die Vorraussetzung für eine simulationstechnische Ana-
lyse der Bauelementeigenschaften oder einer Optimierung der Aus-
gangscharakteristika dar.

Anhand der kalibrierten Simulation wird die Temperaturabhängig-
keit einzelner Ausgangscharakteristika des Lasers (z.B. Schwellstrom,
thermisches Überrollen der Ausgangsleistung und die Einmodensta-
bilität) analysiert. Die parabolische Form des Schwellstromes über
Temperatur ist vom (temperaturabhängigen) spektralen Versatz des
Maximalwerts der Verstärkung und der Laserwellenlänge wie auch von
der Auger-Rekombination abhängig. Das Minimum der Schwellstrom-
Parabel wird nicht durch das Zusammenfallen vom Verstärkungs-
maximum und der Laserwellenlänge bestimmt. Die Auger-Rekombi-
nation ist unter anderem für das temperaturabhängige Überrollen der
Ausgangsleistung verantwortlich.

Ein spezieller Schwerpunkt wird auf das Verständnis der Moden-
stabilität gelegt: Diese Modenanalyse geht von dem detailierten kali-
brierten Fernfeld aus, aus welchem die Ein- und Mehrmodenregimes
des Lasers sichtbar sind. Darauf aufbauend wird die Temperatur- und
Trägerdichteabhängigkeit des (Realteils des) Brechungsindex analy-
siert. Hierdurch werden die physikalischen Mechanismen verstanden,
welche - abgesehen von strukturellen Massnahmen - das optische Fern-
feld beeinflussen. Der untersuchte VCSEL zeigt mit steigender Umge-
bungstemperatur eine erhöhte Einmodenstabilität. Die Ursache dafür
liegt bei der speziellen Überlappung der Verstärkungs- und Moden-
charakteristika. Diese Dissertation schliesst mit einer Optimierung
der maximalen Einmoden-Ausgangsleistung. Neben der Einmoden-
Ausgangsleistung wird auch der Schwellenstrom für eine Reihe von
Umgebungstemperaturen signifikant verbessert. Die

”
wall-plug effi-

ciency“ (Umwandlungseffizienz von elektrischer in optische Leistung)
kann in etwa verdoppelt werden.
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Chapter 1

Introduction

In 1996, the first commercial vertical-cavity surface-emitting lasers
(VCSELs) were brought to the market by Honeywell [1] - almost two
decades after the first demonstration of the VCSEL concept [2]. The
application area was short distance fiber optic data links over multi-
mode fibers which was soon followed by optical interconnects. During
the dot-com bubble, the high demand for fiber optics and the easy
access to venture capitalist fundings let the number of VCSEL start-
up companies explode. After the burst of the bubble, the transceiver
market and, hence, the demand for VCSELs stalled. This was sup-
ported by the matter of fact that - until 2005 - only one high volume
application area existed for VCSELs, namely data communications.
This development led to a much more competitive market and resulted
in the survival of only a limited number of VCSEL companies [3, 4].
Small VCSEL companies were bought by global players trying to en-
ter the nevertheless promising VCSEL market: Avalon Photonics was
acquired by Bookham Inc. and U-L-M Photonics now forms a sub-
sidiary of Philips. Also bigger companies restructured, e.g. Agilent’s
VCSEL section became Avago and Honeywell was acquired by its
former customer Finisar who named the VCSEL segment Advanced
Optical Components (AOC).

Generally, the market has become tougher, which means that the
margins decreased even though some new markets opened up to VC-
SELs. One of these new and promising application areas is the field
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2 CHAPTER 1. INTRODUCTION

of laser mice. Their introduction led to a surge in VCSEL demand.
The increased competitiveness in the market formed a trend towards
low cost but high performance VCSELs displaying high reliability.
This development demands a great deal of the device designers and
manufactures in terms of design optimization. The use of technology
computer aided design (TCAD) can support this process [5].

1.1 Optoelectronic Devices and TCAD

Traditionally, the design of a new optoelectronic semiconductor de-
vice or the improvement of an existing one is a purely experimental
process where a designed device structure is fabricated and then char-
acterized. A series of promising design variations is manufactured to
understand their impact on the device’s behavior. This experimental
method is very cost- and time-intensive: the time elapsed from the
birth of the original idea behind a device design to the epitaxy and pro-
cessing and - finally - the characterization of a single device can easily
reach some weeks to months. Therefore, the use of multi-dimensional
physics-based simulation tools has become increasingly popular with
device designers. Technology computer aided design (TCAD) tools
were originally developed for silicon applications [6] where they are
forming an essential part in semiconductor device research, design
and optimization [7]. Since then TCAD has been entering much wider
areas, including optoelectronics. The modeling required for the simu-
lation of optoelectronic semiconductor devices is more complex than
for “traditional”, purely electro-thermal semiconductor device simu-
lations [8].

In this setup, TCAD can be seen as a supplement to the fabrica-
tion process: An existing design can be analyzed on the computer by
means of a device simulator. The simulation frameworks enable the
visualization of internal physical quantities which are hardly or not
accessible by measurements - including internal temperature or car-
rier distributions as well as recombination processes within the device.
By this means, a better understanding of the device functioning and
its internal properties can be gained. Such an investigation can reveal
the weak points in the device and facilitate error diagnostics. Further-
more, it helps to optimize the design of optoelectronic structures and
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their output characteristics for system specifications. Additionally,
TCAD can open the doors to fabless design not only for the redesign
of an existing laser, but also for the design of new generations of prod-
ucts. Once a calibration of such a simulator to the desired material
system has been performed (taking geometrical data and microscopic
material parameters as an input), the simulator can predict character-
istics of novel designs within the validity of the models. Through the
usage of TCAD, the number of fabrication runs can be substantially
decreased, reducing the time-to-market and developing costs signifi-
cantly. From a research point of view, the correct modeling of physical
processes is an important aspect.

Apart from using TCAD tools for process and device simulations
they can also be used for design for manufacturing (DFM)1 and design
for yield (DFY)2 [5, 9].

Simple device modeling can be achieved with a rate-equation ap-
proach (Section 2.1) - describing the carrier injection and their con-
version into photons over time. This zero-dimensional technique may
support the design process as it provides some insight into the external
device characteristics and enables the reproduction of measurements
by a parameter fitting approach [10]. However, for a thorough repre-
sentation of the physical processes in a semiconductor laser, a more
advanced simulation environment is necessary: the simulation model
has to take into account not only electronic, optical and thermal pro-
cesses but also the geometry as well as the material composition of
an optoelectronic semiconductor device. A multi-dimensional, micro-
scopic model based on a finite element description and spatially re-
solved on a mesh structure fulfills these requirements (see Section 2.2).

1DFM should ensure the manufacturability of a certain device design.
2DFY aims at improving the device design to become more tolerant to process

imperfections and variations.
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1.2 Vertical-Cavity Surface-Emitting La-

sers

1.2.1 Historical Background

The idea of a semiconductor laser diode with a vertical optical res-
onator was first proposed by Iga and colleagues in 1977 [2] and the first
lasing was demonstrated in 1979 with a device emitting at 1300 nm
in the GaInAsP/InP material system [11]. The concept of vertical
laser emission led to the name vertical-cavity surface-emitting laser
(VCSEL). Its application area was originally envisioned in the long-
wavelength regime (in the InP/GaInAsP material system). But soon
GaAs-based (short-wavelength) VCSELs took the lead and in 1988
the first VCSEL in continuous wave (CW) operation was presented in
the GaAs material system [12]. Shortly afterwards, first devices using
strained quantum wells were introduced [13]. The long-wavelength
VCSEL class (≥ 1.3 µm) took longer to follow the success of its short-
wavelength counterparts. This unexpected delay was caused by the
different material systems necessary for the long-wavelength regime,
which exhibit less beneficial material properties (see Section 1.2.3).
In 1993, the first long-wavelength VCSEL was demonstrated to lase
in CW-operation around room temperature [14]. High temperature
operation of long-wavelength VCSELs became possible with the in-
troduction of the wafer-fusion technique of AlGaAs-based DBRs to
InP-based cavities [15, 16]. The first VCSEL was commercialized in
1996, covering the 850 nm wavelength regime and soon emerging as
a high volume product3. The first commercial activities in the long-
wavelength VCSEL sector started in 2001 [18, 19] but by far could
not copy the successful start of the short-wavelength devices. Re-
cently, new material systems have been explored in order to cover
new wavelength regimes: Red VCSELs are being developed in the
AlGaInP-material system [20]. Presently, efforts are put in the devel-
opment of blue-to-ultra-violet GaN-based devices [21, 22]. A review
on the historical VCSEL development can be found in [2].

3By the year 2000, sales in the 850 nm regime had reached more than 7 million
VCSELs per year [17].
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1.2.2 Physical Principles of VCSELs

Vertical-cavity surface-emitting lasers are semiconductor laser diodes
which emit light perpendicular to the wafer surface (as opposed to
edge-emitting devices with laser emission in parallel to the wafer
plane). A VCSEL, as investigated in this work, is an electrically-
pumped pin diode4. The optical cavity is formed by an active gain
medium which provides stimulated emission for the cavity modes. The
vertical laser resonator is formed by two mirrors at the top and bottom
of the device. The optical mode and electrical current confinement to-
wards the device center (in lateral direction) is achieved by structural
measures such as a mesa or a current aperture. A schematic of a
typical VCSEL is shown in Fig. 1.1. An overview on VCSELs can be
found in [23, 24, 25, 26]. In the following, the main components of a
VCSEL are discussed in more detail.

Active region and optical cavity. Usually, the active region con-
sists of a number of quantum wells (QWs) separated by barriers.
The thin vertical active region results in small optical amplification
(i.e. gain) per cavity roundtrip. Therefore, highly reflective mirrors
are necessary in order to reach threshold gain. The resonant cavity
is formed by the active region and the adjacent semiconductor layers.
Typically, the optical cavity length is between 0.5 and 2.5 λ (λ being
the lasing wavelength). For the design of the optical cavity, the ac-
tive region gain material and the resonator length have to be chosen
according to the desired emission wavelength. In order to keep ab-
sorption low, the active region itself is designed to have a lower band
gap energy than the surrounding layers. Furthermore, the active re-
gion needs to be placed in an antinode of the standing optical wave
in order to achieve high modal gain. A schematic band gap profile
(conduction band edge) with the resulting optical field distribution is
plotted in Fig. 1.2.

Mirrors. In order to compensate for the low round-trip gain and
to ensure lasing, mirrors with a reflectivity of typically more than

4Also optically pumped VCSELs are available but they are not subject of this
work.
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active
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p-type DBR

n-type DBR

laser
output
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current confinement 
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p-contact

n-contact

p-cladding layers
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Figure 1.1: Schematic of a typical VCSEL structure. The active region
and the cladding layers are surrounded by a set of mirrors at the
top and bottom of the device forming the optical resonator. The
active region generally consists of multiple quantum wells (QWs). The
mirrors are commonly formed by distributed Bragg reflectors (DBRs).
The current flow is directed towards the device center by a current
confinement layer, which can be realized by means of e.g. an oxide
aperture.
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Figure 1.2: Schematic of the conduction band edge profile (solid black
line) of the optical cavity formed by two stacks of distributed Bragg
reflectors. The active region is created by multiple quantum wells.
The standing wave of the optical mode is depicted (dashed green line).

99 % are necessary.5 So called distributed Bragg reflectors (DBRs)
are commonly used as high-reflective mirrors. A DBR is formed by
several pairs of alternating semiconductor layers with different refrac-
tive indices. Each layer should have a length of a quarter of the optical
wavelength in the respective material in order to ensure constructive
interference. For high reflectivity, a large number of DBR pairs and/or
a high refractive index contrast is necessary. DBR stacks have the ad-
vantage that they can be epitaxially grown like the rest of the VCSEL
structure and - as the semiconductor mirror layers are conductive -
can be used for carrier supply. Another option for highly-reflective
mirrors are dielectric mirrors, which are formed by only a few pairs
of isolating dielectric material with high-index contrast.

Lateral confinement. For good device performance, both the op-
tical mode as well as the electrical current have to be confined in

5This is in strong contrast to edge-emitting lasers. In edge-emitting lasers
optical amplification per cavity roundtrip is large (due to the long gain region)
and, therefore, even the semiconductor-air interface with a reflectivity of around
30 % may sufficiently act as a mirror in order to enable lasing action.
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lateral direction in order to achieve optimal gain-mode overlap which
provides low threshold current and high electro-optical efficiency. Lat-
eral confinement for the injection of carriers into the vertically thin
active region can be accomplished by some sort of current aperture,
such as an oxide aperture6 or a patterned tunnel junction7. Other con-
finement concepts include proton implantation and the use of buried
heterostructures. Lateral optical confinement can be provided by the
top mesa as well as the current aperture due to the refractive index
step present. The current confinement is generally placed in a node
of the optical standing wave in order to keep absorption low.

1.2.3 Long-Wavelength VCSELs

The typical materials of choice for long-wavelength VCSELs are In-
GaAsP and InAlGaAs due to their low band gap. These materials
exhibit disadvantageous material properties as opposed to the GaAs-
material system commonly used in the short wavelength regime. The
ternary and quaternary alloys used in the InP-system have a poor
thermal conductivity due to alloy scattering of phonons. Addition-
ally, the refractive index variation is limited which increases the num-
ber of DBR pairs necessary for highly reflective mirrors resulting in
higher diffraction losses. The longer photon wavelength increases the
thickness of the DBR layers. Furthermore, Auger recombination is
enhanced due to the smaller active region band gap, free carrier ab-
sorption is increased as a result of the low photon energies and the
threshold current displays a stronger temperature dependence than
its short-wavelength counterparts.

In order to overcome these limitations different concepts have been
developed.

• InP/GaAs wafer-fusion. In order to improve the electro-

6An oxide aperture is formed by a semiconductor layer of high Aluminum
content (e.g. AlGaAs) which is oxidized from the side of the device - leaving an
unoxidized center region for the current path.

7A tunnel junction (TJ) is a reverse-biased highly doped (degenerate) pn-
junction which enables tunneling (see also Section 2.3.2). In VCSELs, TJs are
normally structured (i.e. forming a current path in the device center by tunnel-
ing while blocking current in the off-center locations by a reversely biased, lowly
doped pn-junction).
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thermal properties of the DBR mirrors, GaAs-based DBRs are
used instead of their InP-based counterparts. GaAs-DBRs can-
not be directly grown onto the InP-based active region due to
large difference in the lattice constants. In order to overcome
this problem, the wafer-fusion technique [16] is employed where
the individually grown DBRs and the active region are bonded
under high temperature and high pressure.

• Intracavity ring contacts. In order to avoid current flow
through the DBRs (and over the wafer-bonded interface in the
case of GaAs-based DBRs), the VCSEL contacts are applied
directly to the cavity of the double-mesa structure by means of
ring-contacts instead of contacting the top of the DBRs.

• Patterned tunnel junction. By the incorporation of a tunnel
junction (see Section 2.3.2), which supplies holes to the active
region, the amount of p-doped semiconductor layers can be sig-
nificantly reduced, decreasing free carrier absorption.

In the following, three different designs for long-wavelength
VCSELs are described, employing the design concepts discussed above.
Their cross-sections are shown in Fig. 1.3. All of them feature InP-
based active regions. One design concept includes the use of GaAs-
based DBRs which are wafer-fused to the InP-based active region
(Fig. 1.3 a). Current confinement is achieved by means of lateral
mirror oxidation which means that current has to be injected into
the device through the DBRs [27]. The second design also employs
GaAs-based DBRs through wafer-fusion. A patterned tunnel junc-
tion provides current confinement and current injection takes place
through intra-cavity ring contacts [28] (Fig. 1.3 b). The third concept
also uses a tunnel junction. One of the InP-based DBRs is replaced
by a dielectric DBR. An integrated metal heat sink is employed [29]
(Fig. 1.3 c).

1.2.4 VCSEL Characteristics

A VCSEL is characterized by a number of distinct features such as

• vertical light emission enabling on-wafer testing before cleaving
(for low-cost manufacturing),
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Figure 1.3: Typical long-wavelength VCSEL designs featuring InP-
based active regions with (a) wafer-fused DBRs and mirror oxida-
tion [27], (b) wafer-fused DBRs and a tunnel junction [28], and (c)
one dielectric mirror and a tunnel junction [29].
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• low threshold-current (typically 0.5-4 mA) (due to small cavity
volume) and low electric power consumption,

• high power conversion efficiency (> 50 % for short-wavelength
VCSEL [30]),

• circular optical beam shape which simplifies fiber coupling,

• integrability into one- and two-dimensional arrays,

• high speed modulation at low driving currents (>35 Gbit/s [31]),

• longitudinal single-mode operation (due to the short resonator
length of typically 2-5 µm), and

• low cost (< 1 US$).

1.2.5 VCSEL Applications

While in 2001 90 % of the VCSEL market was made up by data-
communications [32], a whole variety of VCSEL applications has
emerged over the last years (Fig. 1.4). By now, the datacom mar-
ket has been overtaken by the number of VCSELs used in optical
mice. An overview of the most prominent applications is given in the
following [3, 4, 33, 35, 36, 37, 38, 39, 40]:

• Optical communications. VCSELs can be modulated at fre-
quencies well in the GHz-range due to their short resonator
length which makes them applicable in many communication ar-
eas. These application areas include metropolitan area networks
(MANs), local area networks (LANs) and storage area networks
(SANs), featuring fiber-to-the-home (FTTH) networks and pas-
sive optical networks (PONs). Multiple channel networks based
on wavelength division multiplexing (WDM) are becoming of
greater importance. VCSELs are used in optical links, inter-
connects and transceivers. Since the commercial introduction
of VCSELs, 850 nm VCSELs have been used for fiber chan-
nel (FC) and Ethernet applications. Long-wavelength VCSELs
which cover the two communication windows at 1310 nm (mini-
mum dispersion) and 1550 nm (minimum fiber attenuation) are
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Other: 4%

Automotive: 8%

Military/Aerospace: 9%
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Figure 1.4: Global VCSEL market forecast by application for 2008.
The total global market in 2008 is estimated to reach 477 million US$.
Source: [33, 34].

highly favored devices for optical communication applications
aiming at a reach of 10-20 km (as compared to 10-100 m reach
for 850 nm VCSELs).

• Optical trace-gas sensing. Optical trace-gas sensing by means
of tunable diode laser spectroscopy (TDLS) is a growing market
for VCSELs. Many gases of interest have distinct absorption
lines which are mostly present in the infrared 1-3 µm range
(e.g. water vapor (H2O) in the 1800 nm regime, methane (CH4)
and ethane (C2H6) around 1680 nm, and carbon dioxide (CO2)
in the 2 µm range). Also devices in the shorter wavelength range
have started to enter this application area (e.g. oxygen at 759 nm
and moisture in natural gas pipelines at 948 nm). The VCSELs
have to display an emission wavelength around the respective
absorption line of the gas to be detected. Their wavelength
needs to be tunable via current and/or temperature (typically
in the range of several nanometers) to scan the wavelength range
of the absorption peak.

• Laser mouse. Over the last years, VCSELs have replaced
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light-emitting diodes (LEDs) as light sources for optical com-
puter mice. The VCSEL is used for surface illumination and
the reflection from the surface is registered by a sensor. The au-
tocorrelation of two chronologically adjacent images can be used
to detect the direction of motion. The demands on the VCSEL’s
performance are single-mode stability, low power consumption,
high reliability, and low cost.

• Atomic clocks. Atomic clocks provide accurate timing sig-
nals employing coherent population trapping (CPT). These can
be applied in a variety of areas which include global position-
ing systems (GPS) and other precision timing applications such
as synchronization in telecommunication networks. By means
of VCSELs, atomic clocks can be downscaled to chip-size and
the power consumption can be reduced by at least a factor of
50 compared to conventional solutions. The requirements on
VCSELs are quite severe: The laser must be single-mode with
low threshold current and stable polarization as well as it must
emit at a very precise wavelength (coinciding with the resonance
wavelength of the atomic vapor used (typically Cesium or Ru-
bidium) in the range of 780 nm to 895 nm).

• Laser printing. Short-wavelength VCSELs are used as light
sources in laser printers (e.g. at 780 nm). The VCSELs have
to feature single-mode lasing as well as sufficiently high out-
put power, which is often achieved by forming VCSEL arrays.
These arrays need to display a stable and uniform polarization
direction.

• Automotive applications. The in-car fiber optic communi-
cations protocol MOST (media oriented system transport) en-
sures that in-car electronic components from different aftermar-
ket suppliers can be connected. Beside LEDs, VCSELs are one
possible choice for this protocol. VCSELs have to provide high-
speed modulation and need to be able to operate at tempera-
tures beyond 120 ◦C.

High power VCSEL arrays, reaching up to 1 W in pulsed mode,
could replace on-board radar for pre-crash sensing, adaptive
cruise-control, and park assistance.
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1.3 Scope

TCAD device simulations provide many capabilities in the field of
device optimization as well as in the area of the analysis of internal
and external device characteristics. The interplay of different effects
(e.g. the effect of carriers and temperature on the real part of the
refractive index) can be investigated which may show quite different
results than considering a single effect alone. By modeling and vi-
sualization of internal physical mechanism, the understanding of the
physical processes in semiconductor lasers can be deepened helping to
improve future device generations.

In this work, a long-wavelength VCSEL with tunnel junction (TJ)
is simulated with a development version of the microscopic multi-
dimensional device simulator Synopsys Sentaurus Device [41]. As a
prerequisite to a successful device simulation the VCSEL structure
has to be calibrated to a temperature-dependent set of static measure-
ments in the material system to be investigated. An extensive calibra-
tion of the light-current-voltage (L-I-V) characteristics over tempera-
ture with the simultaneous calibration of the multi-mode far field as
well as wavelength are presented - in this extent for the first time for
a TJ VCSEL. The thorough calibration is used to explain external de-
vice characteristics (such as lasing threshold, thermal power roll-over
or the optical far field) by means of internal device processes. The
main parameters responsible for the characteristic behavior are iden-
tified. The detailed far field and mode analysis which is performed
taking into account the complex refractive index has to be highlighted.

1.4 Contents

This thesis is organized as follows.

Chapter 1: Introduction. An introduction to TCAD for opto-
electronic devices is given. A short overview of the physical principles
of VCSELs as well as its applications is shown. The scope of the thesis
is defined.
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Chapter 2: Semiconductor Laser Modeling. First, semicon-
ductor laser modeling is introduced by means of a rate equation model.
This is followed by a description of the microscopic models applied
in the electro-opto-thermal semiconductor laser simulations presented
later in this thesis. These include the electro-thermal transport model
and the optical wave-equation as well as the material modeling. Here,
the gain model as well as the model for the complex refractive index
are reviewed.

Chapter 3: Self-Consistent Electro-Opto-Thermal Simula-
tion: VCSEL Calibration. In this chapter a long-wavelength
VCSEL in the InAlGaAs/InAlAs/InP material system is investigated.
It features AlGaAs/GaAs fused distributed Bragg reflectors, a tunnel-
junction as well as intra-cavity ring contacts. The self-consistent
electro-opto-thermal simulations are calibrated to a series of temper-
ature-dependent measurements.

Chapter 4: Self-Consistent Electro-Opto-Thermal Simula-
tion: VCSEL Analysis. The calibrated simulation is employed
for a thorough device analysis. The operation characteristics of the
long-wavelength VCSEL under investigation are analyzed. The multi-
mode behavior is examined by means of the optical far field charac-
teristics. An analysis of a number of physical properties of the device
is performed. Design variations aiming at increasing the single-mode
output power are presented.

Chapter 5: Conclusion and Outlook. The thesis closes with a
set of conclusions as well as a discussion of open issues.





Chapter 2

Semiconductor Laser

Modeling

In this chapter the fundamental equations of semiconductor laser mod-
eling are described. First, a rate equation model is introduced. This
is followed by a more detailed description of a microscopic, multi-
dimensional electro-opto-thermal laser model which will be used in
the further course of this work: Besides the description of the set of
electro-thermal and optical equations, emphasis is laid on the mod-
eling of material properties. These include the optical gain model as
well as the description of the complex refractive index.

2.1 Rate-Equation Model

The behavior of an electrically-pumped semiconductor laser can be
modeled by two rate equations, the carrier and photon rate equation.
These equations describe the interaction between carrier and photon
reservoirs in the active region. Hence, they couple the injection of car-
riers into the active region and the emission of photons from the active
region. An overview of the rate-equation technique can be found in
[10, 42]. This model does not account for any geometrical details of
the investigated device - it is zero-dimensional. It still enables the
user to reproduce certain measurements by fitting the effective pa-

17
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rameters. Also, further developments exist which include the spatial
dependence of the internal characteristics such as carrier and photon
densities, e.g. [43].

Carrier rate equation. Of the carriers injected into a semiconduc-
tor laser only a fraction ηi - the so called internal quantum efficiency
- reaches the active region. The change of the active region carrier
density over time, dN/dt, is related to the amount of carriers injected
into the active region (with a generation rate GN ) and the carriers
leaving the region (through a recombination rate RN ) via

dN

dt
= GN − RN . (2.1)

GN is related to the driving current I via

GN =
ηiI

qVa
, (2.2)

with the active region volume Va and the elementary charge q.
RN is composed of a number of recombination processes such as

spontaneous recombination Rsp, nonradiative recombination Rnr and
stimulated recombination Rst,

RN = Rsp + Rnr + Rst. (2.3)

All mentioned recombination mechanisms except stimulated recombi-
nation are carrier decay processes which take place unstimulated and
can be described by a carrier lifetime τN , while Rst needs the presence
of photons. Hence, the carrier recombination in the active region can
be expressed as

RN =
N

τN
+ Rst = AN + BN2 + CN3 + Rst, (2.4)

suggesting that the natural decay processes are carrier density depen-
dent. The nonradiative recombination includes Shockley-Read-Hall
(SRH) recombination RSRH and Auger recombination RAug . SRH-
recombination represents recombination via defects, surfaces and in-
terfaces and does not require the presence of electrons and holes at the
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same time (hence, RSRH ∼ AN with the SRH-coefficient A). Auger
recombination describes a band-to-band recombination process of an
electron-hole pair where the resulting energy is passed to another
carrier. Hence, it involves the presence of three carriers (two elec-
trons/one hole or vice-versa) and, thus, RAug ∼ CN3 with the Auger
coefficient C. The spontaneous recombination demands the presence
of one electron-hole pair (the energy is released via an emitted pho-
ton) and therefore is modeled by Rsp ∼ BN2. B is the molecular
recombination coefficient. The carrier lifetime τN therefore equals

1

τN
= A + BN + CN2. (2.5)

Stimulated emission is a function of the material gain g of the active
region as well as photon density S,

Rst = vggS, (2.6)

where vg denotes the group velocity. In the simplest approximation,
the material gain g can be described by the linear law

g =
dg

dN
(N − Ntr), (2.7)

with the differential gain dg/dN . The transparency carrier density Ntr

denotes the carrier density at which the transition between absorption
and gain regime takes place, g(Ntr) = 0.

The carrier rate equation can be now rewritten to

dN

dt
=

ηiI

qVa
− N

τN
− vggS. (2.8)

Photon rate equation. The change in photon density over time,
dS/dt, is given by the rate of photons generated in the active region,
GS , minus the photon loss rate, RS , which results in

dS

dt
= GS − RS . (2.9)

In a laser, the main photon generation mechanism (above thresh-
old) is stimulated emission, but as the cavity photon (mode) volume
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VS is much larger than the carrier volume in the active region Va, the
confinement factor Γ

Γ =
Va

VS
(2.10)

is introduced to relate those two volumes. The stimulated recombina-
tion in the active region now becomes ΓRst = ΓvggS. Only a fraction
of the spontaneous emission contributes to the lasing mode, which
is accounted for by the spontaneous emission factor βsp. Hence, the
photon generation can be summarized to

GS = ΓRst + ΓβspRsp. (2.11)

Photons recombine due to loss mechanisms in the structure such
as optical absorption, scattering and coupling out of the mode at the
mirror(s). This is generally described by the photon lifetime τS or the
loss L

L =
1

vgτS
= αi + αm, (2.12)

where αi indicates internal loss (absorption) and αm stands for the
external loss mechanisms (mirror loss). Hence, the photon recombi-
nation equals

RS = LS. (2.13)

The photon rate equation results in

dS

dt
= ΓβspRsp + vg(Γg − L)S. (2.14)

Effective parameter set. The carrier and photon rate equations
(2.8, 2.14) form a system of nonlinear differential equations which is
coupled via the photon number S. For calculations, the following
effective parameters have to be set according to estimates:

• material gain g [1/cm]

• differential gain dg/dN [cm2]

• spontaneous recombination rate Rsp [cm−3s−1]

• nonradiative recombination rate Rnr [cm−3s−1]
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• photon lifetime τS [s]

• confinement factor Γ [1]

• internal quantum efficiency ηi [1]

• spontaneous emission factor βsp [1]

Steady state analysis of threshold and lasing regime. For a
laser to reach threshold, the condition of gain equaling loss must be
satisfied. This can be described by

Γgth = αi + αm =
1

vgτS
(2.15)

with gth = g(Nth). gth is the threshold gain which is reached at the
threshold carrier density Nth.

Threshold current Ith is dominated by spontaneous emission (stim-
ulated emission can be neglected) and can be estimated by

Ith =
NthqVa

ηiτN
. (2.16)

Above threshold - in steady state condition - the carrier density
and gain are clamped to their threshold values,

N(I > Ith) = Nth (2.17)

g(I > Ith) = gth. (2.18)

In the lasing regime, the carrier rate equation (2.8) can be reformu-
lated to

dN

dt
=

ηi(I − Ith)

qVa
. (2.19)

Hence, the steady state photon density results in

S =
ηi(I − Ith)

qvggthVa
. (2.20)

The output power P which is coupled out of the laser cavity
through the mirror(s) is linearly proportional to the photon density
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S. It is modeled by the product of the energy stored in the cavity,
S~ωVS, and the energy loss rate through the mirror(s), vgαm = 1/τm:

P = vgαmS~ωVS. (2.21)

~ω denotes the photon energy. (2.21) can be simplified to

P = ηd
~ω

q
(I − Ith). (2.22)

ηd denotes the differential quantum efficiency,

ηd =
ηiαm

αm + αi
=

q

~ω

dP

dI
. (2.23)

with the external optical efficiency (slope efficiency) ηopt = dP/dI .
These equations describing the linear output power-current behavior
hold under the assumption that a variety of parameter remain con-
stant above threshold, i.e. the gain-current relationship, the cavity
losses, the internal efficiency and the confinement factor. This is not
true for a real laser which will be shown in Section 4.1.

2.2 Microscopic Model

In contrast to the zero-dimensional rate equations, the electro-opto-
thermal model described in this section is based on microscopic the-
ory. The laser behavior is modeled semi-classically. In this con-
cept the optics are treated classically while the electronics are de-
scribed quantum-mechanically: the electromagnetic field is presented
by the classical Maxwell’s equations. The active gain medium with
its band structure and the quantum (well) confinement is described
quantum-mechanically. Carrier transport is modeled by a thermody-
namic model, assuming thermal equilibrium of the carriers. In con-
trast to the rate equation model, parametric input is not given in the
form of effective parameters but by means of local physical material
parameters.

The topology of the device is spatially discretized on a mesh. While
the carrier and heat transport equations as well as the wave equa-
tion are spatially resolved, the photon rate equation shows nonlocal
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(modal) behavior and, hence, is not spatially resolved. The modal
photon rate equation is used to couple the optics and electronics.

The fully-coupled, multi-dimensional set of electro-opto-thermal
equations has the electron and hole densities, the electrostatic poten-
tial, the lattice temperature and the optical power as solution vari-
ables. Details about the implementation can be found in [41, 44, 45,
46, 47]. All quantities can be spatially dependent, i.e. are functions
of r, and display a dependence on the time t. In order to keep the
notation simple these arguments are omitted in the following.

2.2.1 Electro-Thermal Modeling

The basic physics in the electro-thermal regime [48] are covered by
the Poisson equation for the electrostatic potential φ

∇ · ε∇φ = −q
(

p − n + N+

D − N−

A

)

(2.24)

and the continuity equations for electron density n, hole density p and
local heat which read for the non-active bulk regions

∇ · Jn = q
(

Rnr + Rsp +
∂n

∂t

)

(2.25)

−∇ · Jp = q
(

Rnr + Rsp +
∂p

∂t

)

(2.26)

−∇ · S = H − cth
∂T

∂t
. (2.27)

ε is the permittivity of the semiconductor material and q the elemen-
tary charge. N+

D and N−

A are the ionized donor and acceptor concen-
trations. Jn and Jp denote the electron and hole current densities.
Rsp stands for the spontaneous emission rate and Rnr for the nonra-
diative recombination rates. The heat generation rate H is composed
of Joule heat, recombination heat and Peltier heat. S denotes the
heat flux. cth is the lattice heat capacity and T stands for the local
temperature. The carrier and the lattice temperature are assumed to
be in local thermal equilibrium [49].
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The bulk current densities as well as heat flux equal

Jn = −q(µnn∇φ − Dn∇n + µnnPn∇T ) (2.28)

Jp = −q(µpp∇φ + Dp∇n + µppPp∇T ) (2.29)

S = −κth∇T. (2.30)

µn,p are the electron and hole mobilities, Pn,p stand for the abso-
lute thermoelectric powers and κth is the thermal conductivity of the
material. Dn,p denote the electron and hole diffusion coefficients, re-
spectively.

The quantum wells are modeled as carrier-carrier scattering cen-
ters for the bulk carriers [8]. The scattering of the free (3D) bulk carri-
ers into the bound (2D) quantum well populations1 through thermionic
emission is modeled by a capture rate

Ccap,n =

[

1 − exp

(

E2D
F,n − EF,n

kBT

)

]

n

τcap,n
, (2.31)

which is here written for electrons2. E2D
F,n and EF,n are the quasi-Fermi

energies for bound and unbound electrons and kB is the Boltzmann
constant. The scattering of the electrons into the quantum well is
represented by the effective scattering time τcap,n.

The carriers in the quantum well active region are treated by a sep-
arate set of continuity equations describing the unbound and bound
current densities

∇ · Jn = q(Rnr + Rsp + Ccap,n +
∂n

∂t
) (2.32)

∇ · J2D
n = q(Rnr + Rsp + Rst − Ccap,n +

∂n2D

∂t
). (2.33)

which replace the bulk continuity equation (2.25). Similar expressions
apply for holes. J

2D
n stands for the bound electron current density in

the QWs while Jn denotes the unbound 3D current density. Rst is
the stimulated emission rate.

1This applies for 3D-simulations. For 2D-simulations the dimensionality
shrinks by one dimension, leaving unbound 2D bulk carriers and a bound 1D
QW population.

2The equations can be similarly written for holes.
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In the quantized direction of the QW, the spatial distribution of
the charge carriers is described by the solution of the Schrödinger
equation which can be obtained by the k·p method. Perpendicular
to the quantization direction, carrier transport is accounted for via
drift-diffusion similar to (2.28)-(2.29).

2.2.2 Optical Modeling

The optical problem can be described by two equations: an eigenvalue
problem which gives the optical mode pattern and the modal photon
rate equation which specifies the number of photons contained in a
mode.

The optical mode pattern is described by a time-independent wave
equation for the optical field vector Ψν of the mode ν and the mode
frequency ων [44],

∇×∇× Ψν −
( ω̃ν

c
nref

)2

Ψν = 0. (2.34)

The solution of this eigenvalue equation provides the eigenvector con-
taining the optical field distribution Ψ and the complex eigenvalue ω̃.
The complex eigenvalue

ω̃ν = ων + iω′′

ν =
2πc

λν
+ i

Gν − Lν,0

2
(2.35)

holds the information on the lasing wavelength, gain and loss which
are all modal quantities. c denotes the speed of light and nref is the
complex refractive index, nref = n′ + in′′. Gν and Lν,0 stand for
the modal gain and modal loss, respectively. The complex refractive
index is the major input to the wave equation coupling the optical
and electro-thermal characteristics. It will be analyzed in more detail
in Section 2.3.3.

The modal photon rate equation solves for the total number of
photons S per mode ν,

∂Sν

∂t
=

(

Gν − Lν

)

Sν + Tsp,ν . (2.36)

Tsp,ν denotes the modal spontaneous emission rate. Hence, this also
couples the carrier and the photon populations.
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Modal coefficients. The modal gain, total modal loss and modal
spontaneous emission rates are defined as [8]

Gν(ω) =

∫ ∫ ∫

c

n′
rst(ων) · |Ψν |2dV (2.37)

Lν(ω) = Lν,0 +

∫ ∫ ∫

c

n′
α(ων) · |Ψν |2dV (2.38)

Tsp,ν(ω) = βsp

∫ ∫ ∫

c

n′
rsp(ων) · |Ψν |2dV. (2.39)

rst is the local stimulated emission coefficient which will be discussed
in Section 2.3.1. |Ψν |2 denotes the normalized optical intensity of
mode ν and α accounts for material absorption loss. ων is the mode
frequency. n′ stands for the real part of the refractive index. The mir-
ror and diffraction losses Lν,0 are obtained from the dissipation rates
of the electromagnetic energy (see below) [50]. βsp is the spontaneous
emission factor and rsp denotes the local spontaneous emission coef-
ficient.

Optical output power. The optical output power emitted from
the mirror facet can be derived from the Poynting theorem [50]. The
divergence of the Poynting vector averaged over time 〈∇·SP 〉 gives the
local mean generation or dissipation rate of electromagnetic energy per
volume. By integration over the out-coupling volume Vout the output
power equals

Pout,ν =

∫ ∫ ∫

Vout

〈∇ · SP
ν 〉dV. (2.40)

The out-coupling losses (mirror losses) Lout can be calculated via
the ratio of energy change rate and total optical energy stored in the
mode ν

Lout,ν =

∫ ∫ ∫

Vout
〈∇ · SP

ν 〉dV
∫ ∫ ∫

Vtot
〈wν〉dV

, (2.41)

where 〈w〉 denotes the total electromagnetic energy averaged over
time. Vtot gives the total volume (of the mode).

The optical output power can be calculated as a superposition of
the contribution of the individual modes [51]

P =
∑

ν

Pout,ν =
∑

ν

~ωνLout,νSν . (2.42)
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Far field. The near field (which is the optical field emitted from the
laser waveguide at the surface of the laser) is given by the solution
of (2.34). The far field (which is the optical field seen from a suffi-
ciently large distance) can be calculated from the near field applying
diffraction theory. In the Fraunhofer approximation [52] the far field
is defined for a distance

r ≥ ANF

λ
. (2.43)

r defines the distance between the near field and the observation point
of the far field. ANF describes the total area of the near field pattern.
The far field is proportional to the Fourier transform of the near field
and is calculated using a Green’s function approach [53].

A decrease in the near field angle results in an increased far field
angle and vice-versa. The far field of a multi-mode device is given by
the superposition of the far fields of each mode.

2.2.3 Electro-Opto-Thermal Coupling

In semiconductor lasers the optical and the electro-thermal system
are closely coupled: The refractive index profile is the major input to
the wave equation. nref changes with carrier density and temperature
which are obtained from the solution of the electro-thermal system.
On the other hand, the eigenvalue of the wave-equation enters the
photon rate equation. The photon number S changes by several or-
ders of magnitude while surpassing the lasing threshold. This leads to
a strong coupling of S to the electronics as its value enters the pho-
ton rate equation. However, the optical field distribution Ψ couples
weakly to the electronics since its normalized intensity varies much
more weakly over bias.

The set of electro-thermal differential device equations (2.24)-(2.33)
as well as the photon rate equation (2.36) can be integrated into a
Newton-Raphson scheme [54]. The optical equation (2.34) cannot be
included in this solution scheme due to its eigenvalue nature and,
hence, is solved by a finite-element method using a Jacobi-Davidson
algorithm [55]. As the photon rate equation is already included in
the Newton scheme it is solved self-consistently with the electronic
equations. In order to achieve self-consistency of the entire electro-
opto-thermal solution, the optical and the electro-thermal equations
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are iterated in a Gummel-type algorithm [56] which is sufficient due
to the weak coupling of the optical field. Fig. 2.1 shows the typical
simulation flow of such a self-consistent electro-opto-thermal simula-
tion.

The spatially resolved solution variables of this resulting system of
electro-opto-thermal equations include the electrostatic potential, the
electron and hole densities, the temperature and the optical electrical
field. Furthermore, the lasing wavelengths and the photon densities
of the optical modes as well as the modal optical losses have to be
found.

2.3 Material Modeling

The modeling of material properties has a big impact on the electro-
opto-thermal characteristics of a laser. The complex refractive in-
dex affects the simulation results in two ways: the real part of the
refractive index directly impacts the optical mode shape, while the
imaginary part contains the absorption. The absolute values of the
stimulated emission coefficient (as well as its spectral distribution)
strongly influences the ability of a laser to reach gain and hence the
lasing regime. Thus, the material characteristics have to be modeled
cautiously in order to keep simulation errors small.

2.3.1 Optical Material Gain

Material gain describes the proportional growth of the photon den-
sity per unit length of light propagation in a crystal which is achieved
by stimulated emission. Stimulated emission is characterized by the
generation of a photon through the recombination of an electron-hole
pair which is stimulated by the presence of another photon of the same
energy. Population inversion is a prerequisite for stimulated emission
to take place, otherwise the band-to-band absorption of photons and,
hence, generation of electron-hole pairs is prevailing. This gain mech-
anism forms an integral part of a laser, providing amplification of co-
herent photons. Transparency defines the point where both processes,
stimulated emission and absorption, are equally strong resulting in a
zero net gain.
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Figure 2.1: Flowchart of a self-consistent electro-opto-thermal simu-
lation run.
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Stimulated emission (optical material gain) links the optical to the
electronic part through the interaction of the electromagnetic wave
with the semiconductor gain material. In the semiclassical theory em-
ployed, gain is derived from the interaction of the optical field (treated
classically using Maxwell’s equations) with the microscopic polar-
ization of charge carriers which is described quantum-mechanically.
The microscopic polarization pk is obtained from the solution of the
Heisenberg equation of motion from which the stimulated emission
coefficient rst can be calculated [57],

rst = − 2ω

ε0n0cE0Va
Im

{

∑

i1,j1

∑

k

(µi1j1
k )∗pi1j1

k exp(iωt)

}

. (2.44)

E0 denotes the slowly varying electric field amplitude and Va the
volume of the active region. k = (kx, ky) is the quantum well 2D-

wavevector, µi1j1
k the matrix element between conduction subband i1

and valence subband j1 and pi1j1
k

the microscopic polarization induced
between the two subbands.

Modal gain is calculated from the stimulated emission coefficient
via (2.37). The total local stimulated emission rate for the continuity
equation (2.33) (in [cm−3s−1]) can also be calculated from the local
stimulated emission coefficient: it is given by the sum over rst,ν of all
modes ν (at the mode frequency ων) [8]

Rst =
∑

ν

rst(ων)|Ψν |2. (2.45)

The equations of motion of pk can be modeled in different approx-
imation in order to obtain rst. In the following, the modeling of the
stimulated recombination coefficient is described in more detail ap-
plying microscopic theory, both in the free carrier approximation and
accounting for many-body effects.

2.3.1.1 Free Carrier Theory

In the simple approximation of the free carrier gain theory a free
(noninteracting) electron-hole plasma is assumed, i.e. the Coulomb-
interactions between carriers are not considered: The carrier distribu-
tions within conduction and valence band relax into quasi-equilibrium
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Fermi-distributions. No many-body effects are accounted for (band
gap renormalization, electric dipole interaction, scattering events).

With the equation of motion for pk in the free carrier approxima-
tion [58],

dpk

dt
= −iωkpk − i

~
µkE(z, t)(fek + fhk − 1) − γkpk, (2.46)

the local optical material gain rst results in [59, 53]

rst(E) =
∑

i,j

∫

∞

0

πq2

n0cε0m2
0ω

|µij |2ρ(E′)

(

f i
e(E

′) + f j
h(E′) − 1

)

L(E, E′)dE′. (2.47)

i and j denote the electron and hole subbands, respectively. n0 is
the background refractive index. |µij |2 is the optical matrix element
describing the transition probability between the conduction band
level and the valence band level. ρ(E) is the reduced density of states
which gives the density of allowed transition between the two bands.
fe and fh represent the local Fermi-Dirac distributions of electrons
and holes. m0 is the free electron mass. The linewidth broadening
function L(E, E′) phenomenologically accounts for the homogeneous
energy broadening due to intraband scattering.

2.3.1.2 Many-Body Gain

For the high carrier densities which are necessary to reach the lasing
threshold of a semiconductor quantum well laser, many-body Coulomb
effects cannot be neglected. These include effects such as band gap
renormalization, excitonic correlations as well as homogeneous broad-
ening of the gain spectrum due to scattering related dephasing.

Screened Hartree-Fock Approximation. Taking into account
many-body effects, the equations of motion display an infinite hier-
archy which is truncated in the Hartree-Fock approximation. Plasma
screening effects are included phenomenologically by the introduction
of a screened Coulomb potential. This leads to the semiconductor
Bloch equations.
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Like in the free carrier theory, the conduction and valence band
are considered as two carrier reservoirs where the carriers relax into
Fermi-Dirac distributions. This leaves the equation of motion for the
polarization [58]

dpi1j1
k

dt
= −iω′

kpi1j1
k − iΩk(f i1

ek + f j1
hk − 1) − γpi1j1

k . (2.48)

In this approximation, two many-body effects are included: ω′

k is the
density dependent transition energy and Ωk stands for the renormal-
ization of the Rabi frequency. γ denotes the relaxation time.

The stimulated emission becomes

rst = Im

{

iω

~cε0n0πLQW

∑

i,j

∫

∞

0

dkk|µij
k |2

(f i
ek + f j

hk − 1)

i(ω′

k − ω) + γ
Qij

k

}

, (2.49)

with the quantum well thickness LQW and the Coulomb enhancement

of gain, Qij
k .

Second Born Approximation. While the screened Hartree-Fock
approximation includes plasma screening, it does not account for par-
ticle collisions which lead to carrier and polarization relaxation. These
effects can be accounted for in the next higher level of approximation.

The equations of motion for the microscopic polarization pi1j1
k ,

derived in the second Born approximation [57], are

dpi1j1
k

dt
= − iωi1j1

k pi1j1
k − iΩi1j1

k (f i1
ek + f j1

hk − 1) (2.50)

− (Γi1
k + Γj1

k )pi1j1
k +

∑

q

(Γi1
kq + Γj1

kq)pi1j1
k+q. (2.51)

The first line of (2.50) includes the oscillation of the polarization at
the transition frequency ωk as well as the stimulated emission/absorp-
tion processes. The second line describes carrier-carrier correlations
with the diagonal and non-diagonal polarization dephasing rates Γk
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and Γk+q. These rates are calculated within the second Born approx-
imation in the Markovian limit and lead to screening and dephasing.

The local material gain coefficient results in [58]

rst = Im

{

2iω

~cε0n0πLQW

∑

i,j

∫

∞

0

dkk|µij
k |2

fe
i,k + fh

j,k − 1

i(ωk − ω) + γkk
Qij

k

}

. (2.52)

γkk is the effective polarization dephasing which is computed within
the second Born approximation (in contrast to the SHF-approximation
were it constitutes an input parameter).

2.3.2 Other Carrier Recombination Mechanisms

The nonradiative recombination Rnr comprises of Auger recombina-
tion RAug and Shockley-Read-Hall recombination RSRH ,

Rnr = RAug + RSRH , (2.53)

which can be modeled by [6]

RAug = C(n + p)(np − n2
i ) (2.54)

RSRH =
np − n2

i

τp(n + n1) + τn(p + p1)
. (2.55)

The temperature dependent Auger coefficient results in [60]

C = Ca(T0) · exp

[

Ea

kb

( 1

T0

− 1

T

)

]

. (2.56)

ni is the intrinsic carrier density. τn and τp are the carrier lifetimes

and n1 = ni · exp
[

Etrap

kBT

]

and p1 = ni · exp
[

−Etrap

kBT

]

. Etrap denotes the

difference between the defect and the intrinsic level. Ca defines the
Auger coefficient at the temperature T0 and Ea stands for the thermal
activation energy of the Auger process.

The spontaneous recombination rate Rsp denotes

Rsp = B(np − n2
i ) (2.57)

where B is the spontaneous emission coefficient.
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Figure 2.2: Schematic of a reversely biased tunnel junction. EC and
EV denote the conduction and valence band edges and EF denotes
the Fermi energy.

Tunneling. A tunnel junction (TJ) is a reverse-biased degenerately
doped pn-junction which enables band-to-band tunneling at strong
electric fields E > 106 V/cm (Fig. 2.2). It was first discovered by Esaki
in 1958 [61]. The use of a tunnel junction in the context of a VCSEL
was first attempted by Iga and colleagues in 1984 [2] (and references
therein) in order to reduce the volume of p-doped VCSEL regions.3

The main function of a TJ is to supply holes to the active region by
interband tunneling of electrons. In a VCSEL, the tunnel junction
generally is patterned so that it serves as a current confining layer
with a refractive index step for optical guiding (which also reflects in
the optical far field, refer to Section 3.4). Additionally, the amount of
self-heating can be reduced by this measure (due to higher mobility
of electrons in the n-type regions).

The tunnel junction behavior can be modeled by the Hurkx band-
to-band tunneling model [60, 62, 63] where the rate of carriers gen-
erated in the tunnel junction is described by the carrier generation

3Free carrier absorption (see Section 2.3.3) is more pronounced at longer wave-
lengths and prevails in p-doped material. One approach in the design of laser
structures is to eliminate p-doped material as much as possible, especially in long-
wavelength devices, in order to reduce absorption and other disadvantageous char-
acteristics of the p-doped semiconductor material.
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rate

GTJ = ATJE2exp
(

− BTJ

E

)

. (2.58)

The coefficients result in

ATJ =
q2
√

2mTJ

πh2E
1/2
g

(2.59)

BTJ =
π2E

3/2
g

√
mTJ√

2qh
. (2.60)

Eg is the band gap and h denotes the Planck’s constant. The effective
tunneling mass mTJ is defined as

mTJ =
2mnmp

mn + mp
, (2.61)

with the effective electron and hole masses mn and mp, respectively.
The carrier generation rate (2.58) enters the continuity equations

(2.25)-(2.26) in the semiconductor layers constituting the tunnel junc-
tion.

2.3.3 Complex Refractive Index

The (spectrally dependent) complex refractive index nref can be writ-
ten as [53]

nref = n′ + in′′, (2.62)

where the real and the imaginary parts, n′ and n′′, satisfy the Kramers-
Kronig relation (Appendix A). The real part n′ describes the refrac-
tive index of the material which is defined as the ratio of the vacuum
speed of light c and the phase velocity vp in the material

n′ =
c

vp
. (2.63)

The imaginary part n′′ equals the extinction coefficient k which in
turn is related to the absorption coefficient α via

n′′ = k =
αλ

4π
. (2.64)
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The real and the imaginary part of the refractive index (2.62) are
influenced by a series of temperature and carrier related effects and
can be described by [64, 65]

n′ = n0 + ∆n′

T + ∆n′

FCA + ∆n′

Gain and (2.65)

n′′ = n′′

Mat + ∆n′′

FCA + ∆n′′

Gain. (2.66)

n0 denotes the background index of the material in the cold-cavity
condition, and n′′

Mat contains the material absorption. The correction
terms for the imaginary part ∆n′′

FCA and ∆n′′

Gain stand for free carrier
absorption (FCA) and stimulated emission, respectively. The real part
of the refractive index is modified by its dependence on temperature
(∆n′

T ) as well as carriers (in the form of free carrier absorption ∆n′

FCA

and gain ∆n′

Gain).
The refractive index nref (r) in a semiconductor device is spatially

dependent as it is a function of the device’s geometry, the material
composition n0 as well as the local carrier distribution and tempera-
ture. Hence, the lasing wavelength, the optical losses and the optical
field distribution which are influenced by the real part of the refrac-
tive index not only depend on the epitaxial structure but also on the
operating current and the ambient temperature. The modeling of the
imaginary part is especially important in VCSELs since they possess
very low mirror losses. Therefore, every additional loss strongly influ-
ences the overall losses and, hence, quantities such as slope efficiency
and threshold.

2.3.3.1 Temperature Dependence

The change of the refractive index with temperature is mainly caused
by the temperature dependence of the band gap [66, 67]. The temper-
ature offset ∆n′

T is modeled using the thermo-optic coefficient αT > 0
and the temperature T according to the linear law

∆n′

T = n0 · αT (T − T0). (2.67)

This effect leads to an increase in the real refractive index with rising
temperature. As the highest temperature in a VCSEL is situated in
the device center, the optical modes are contracted to the center due
to the increased refractive index, which is commonly referred to as
thermal lensing [68].
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2.3.3.2 Carrier Dependence

The change of refractive index through carrier injection is caused by
several effects, such as band filling and band gap shrinkage as well as
free carrier absorption [69].

Dependence on Gain. At high carrier densities in the quantum
well, active region band filling effects significantly increase the effec-
tive band gap (Burstein-Moss effect4). At the same time, band gap
shrinkage (renormalization) reduces the band gap5. Both, band fill-
ing and band gap shrinkage are computed self-consistently over carrier
density and lattice temperature in the microscopic gain model intro-
duced in Section 2.3.1.

The gain dependence of the imaginary part of the refractive index
∆n′′

Gain is given by the modal gain (weighted material gain at the las-
ing frequency) in the active region which is included in this simulator
implementation via the integral relation (2.37). Hence, ∆n′′

Gain can
here be set to zero, ∆n′′

Gain = 0.
In general, the real and the imaginary part of the refractive in-

dex, n′ + in′′, are related by the Kramers-Kronig transformation (Ap-
pendix A). This allows to obtain the change in the real part of
the refractive index due the stimulated emission, ∆n′

Gain, by per-
forming a Kramers-Kronig transformation of the local material gain
curve [69, 70],

∆n′

Gain = −2c~

q2
P

∫

∞

0

∆g(Ẽ)

Ẽ2 − E2
dẼ. (2.68)

P denotes the Cauchy principal value of the integral. In this work,
the effect is approximated by the linear model

∆n′

Gain = A0

(n + p

2
− Npar

)

. (2.69)

4Above a certain carrier density, the band gap is widened as the lowest energy
spaces in the conduction and valence bands are already blocked by carriers.

5Above a certain carrier concentration in the bands, the wave functions will
overlap which leads to a gas of interacting (repelling) carriers due to Coulomb
forces. This results in a screening of the carriers and a decreased energy band
gap.
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The density parameter Npar and the amplification parameter A0 are
material parameters which can be extracted from the Kramers-Kronig
transformation of a set of (spectrally resolved) gain curves. ∆n′

gain

may lie in the range of up to |0.1 − 0.2| at typical QW carrier densi-
ties [69, 71, 72].

The gain dependence leads to a negative refractive index change
with increasing density. The distinct carrier density distribution in a
VCSEL with the highest carrier densities in the central region of the
device (which is achieved by the introduction of a current aperture)
leads to a decrease of the refractive index in an index-guided structure
which results in a broadening of the optical field. In this context, it
is referred to as an anti-guiding effect.

Dependence on Free Carrier Absorption. Beside direct band-
to-band absorption of photons, absorption mechanisms within the
conduction and valence band(s) occur. These processes are generally
combined under the term free carrier absorption (FCA) which de-
scribe intraband transition (within the same band via phonons) and
interband transitions (e.g. intervalence band absorption).

The impact of free carrier absorption on the refractive index is
evaluated by a first-order Drude model [73, 69].

∆n′′

FCA is a linear function of the local carrier density

∆n′′

FCA =
λ

4π

(

αnn + αpp
)

, (2.70)

which results in a higher ∆n′′

FCA and, hence, in an increasing absorp-
tion with rising carrier density. The FCA coefficients for electrons αn

and holes αp are defined as

αn =
q3λ2

4π2c3ε0nrefµnm2
n

(2.71)

αp =
q3λ2

4π2c3ε0nrefµpm2
p

, (2.72)

with the lasing wavelength λ, the electron and hole mobilities µn,p

and the effective electron and hole masses mn,p as parameters. The
FCA coefficients αn,p increase strongly with increasing photon wave-
length due to their quadratic dependence on λ. Furthermore, the
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impact of FCA is significantly stronger for holes than for electrons
in conventional III-V semiconductors due to the smaller mobility of
holes.

The dependence of FCA on the real part of the refractive index
∆n′

FCA

∆n′

FCA = − q2λ2

8π2c2ε0n0

( n

mn
+

p

mp

)

(2.73)

decreases the refractive index with increasing carrier density. This
effect is stronger for electrons as their effective mass is generally small.

Similar to the gain dependence of the real part of the refractive
index, the high carrier densities in the VCSEL center lead to a de-
crease of the refractive index in the central region and, thus, causes a
defocusing of the optical field and a decrease of the far field angle.

2.3.4 Mobility and Thermal Conductivity Model

The electron and hole mobilities are modeled by the Caughey-Thomas
model [74, 75]

µn,p = µdop +
µmax

(

T
T0

)δ − µdop

1 +
(Ndop

Nref

)α , (2.74)

which contains doping and temperature dependence. Ndop denotes the
doping density. The minimum mobility µdop describes the mobility at
high doping concentration. The maximum mobility µmax (without
doping) is temperature dependent. T0 defines the temperature at
which the above parameter values are extracted in literature, normally
room temperature.

The temperature dependence of the thermal conductivity is mod-
eled by the power law

κth = κth(T0)
( T

T0

)δ

. (2.75)





Chapter 3

Self-Consistent

Electro-Opto-Thermal

Simulation: VCSEL

Calibration

In this chapter a long-wavelength vertical-cavity surface-emitting laser
manufactured by BeamExpress SA [76] is simulated using the mi-
croscopic simulation model described in Sections 2.2 and 2.3. The
self-consistent electro-opto-thermal device simulations are calibrated
to a series of temperature-dependent device characteristics obtained
experimentally.

3.1 Introduction

TCAD simulations of optoelectronic devices require a calibration of
the used material system prior to simulation. The material parame-
ters of III-V materials - mostly used in optoelectronics - are not well
known as opposed to the parameters of silicon. Additionally, the ma-
terial parameters can also vary with the manufacturing process. For
these reasons, it is important to perform a thorough calibration of

41
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the material system by comparing the simulation results to a series of
measurements performed for a manufactured device. Consistence be-
tween simulation and measurement is given by correct physical mod-
eling as well as by the choice of a set of calibration parameters (which
are chosen within the material values published in literature). In this
way, predictability of the simulation (to design variations etc.) can be
achieved within the calibrated material system and within the validity
of the applied models.

For the calibration process the exact epitaxial device geometry,
including processing information, is necessary. Furthermore, a series
of measurements has to be performed such as voltage-current (V-I),
output power-current (L-I), wavelength-current (λ-I), and optical far
field-current (FF-I). All of these characteristics have to be available
for a variety of ambient (heat sink) temperatures. An overview of
the calibration parameters is given in Table 3.1. All other material
parameters are taken from literature [53, 60, 77, 78, 79, 80, 81, 82].

Auger recombination in quantum well [60, 83]
Auger coefficient Ca 10 · 10−29 cm6/s
Activation energy Ea 170 meV
Radiative recombination [60]
Radiative coefficient B 1 · 10−10 cm3/s
Free carrier absorption [84, 85, 60]
p-FCA coefficient αp 25 · 10−18 cm2

n-FCA coefficient αn 15 · 10−18 cm2

Thermal conductivity in DBR [86]
Thermal conductivity κth,DBR 0.5 · κth,bulk

Refractive index gain dependence in quantum well
A0 −1.65 · 10−20 cm3

Npar 1 · 1017 1/cm3

Hurkx tunneling model [62, 41]
TJ coefficients ATJ 5 · 1022 1/(cmsV2)

BTJ 2.69 · 107 V/cm

Table 3.1: Calibration parameters
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Figure 3.1: Schematic illustration of the long-wavelength VCSEL
structure used for the calibration of the simulations to measurements.
It comprises a multi-quantum well active region and a tunnel junc-
tion for optical and electrical confinement. The AlGaAs Bragg mirrors
(DBR) are wafer-fused to the InP-based cavity.

3.1.1 VCSEL Structure

The calibrated device is a long-wavelength VCSEL emitting around
1310 nm, which is a courtesy of BeamExpress SA. The device incorpo-
rates an InP/InAlGaAs/InGaAs-based cavity with multiple InAlGaAs
quantum wells. The AlGaAs/GaAs distributed Bragg reflectors are
wafer-fused [16] to the cavity. In this double-mesa structure, intra-
cavity ring contacts avoid current flow through the DBRs. A tunnel
junction is used for current injection into the active region. Lateral op-
tical confinement is provided by a combination of the tunnel junction
aperture and the mesa of the top DBR. A schematic of the structure is
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Figure 3.2: Bandstructure of a typical long-wavelength VCSEL with
tunnel junction containing the conduction band (top) and valence
band (bottom) along the y-axis.

depicted in Fig. 3.1. The bandstructure of a typical long-wavelength
VCSEL with tunnel junction is shown in Fig. 3.2. The device struc-
ture is similar to the one discussed in [87]. For related designs see
[83, 29, 88].

3.1.2 Simulation Environment

In this work, the device simulator Synopsys Sentaurus Device [41] is
employed. The microscopic simulation model solves a fully-coupled,
two-dimensional set of electro-opto-thermal equations self-consistently
- with the electron and hole densities, the electrostatic potential, the
lattice temperature and the optical power as solution variables. An
introduction to the model is given in Sections 2.2 and 2.3. Details
about the implementation can be found in [44, 46, 47].

In the simulations, a dual grid approach is applied where one grid
is designated to the electro-thermal problem and the other to the
optical domain [45]. Variables are translated between the two meshes
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by linear interpolation. For the calculation of the optical modes the
full structure is resolved. In the electro-thermal domain the DBRs
do not have to be discretized as the device features intra-cavity ring
contacts and, hence, no electrical current flows through the mirror
stacks. This reduces memory usage as well as computation time which
are both limited. However, for thermal modeling the entire DBR
stacks have to be included. They are considered by a bulk effective
material: a decreased thermal conductivity in the DBR (as compared
to the bulk value) accounts for the reduced thermal conductivity due
to the restriction of the phonon mean path by the DBR interfaces [86].
Perfectly matched layers (PML) [50] are used to truncate the optical
simulation domain1.

The simulations are performed in a two-dimensional domain where
the rotational symmetry of the device (around the vertical axis) is
exploited (see Fig. 3.1) and the azimuthal dimension is expanded into
a Fourier series [44, 50].

In a typical simulation setup approximately 200,000 grid points
for the optical problem and 20,000 grid points for the electro-thermal
domain are needed to sufficiently resolve the various epitaxial layers
of only a few tens of nanometers in thickness.

Calculation of the spectral material gain (and absorption) curves
for a variety of electron and hole densities as well as a range of tem-
peratures is computationally very time-consuming. Hence, it is not
feasible to re-calculate gain in every step of a coupled electro-opto-
thermal simulation. The gain curves are calculated in flat-band con-
dition prior to the laser simulations. The set of curves is stored in
look-up tables with the electron and hole densities, wavelength as
well as temperature as key and the stimulated emission coefficient as
value. In every calculation step, the device simulator is supplied with
the stimulated emission values corresponding to the required key set.
This can be achieved by means of a finite element interpolator [89]. In
the cold-cavity approximation, the refractive index only depends on
the material type, where the optical confinement is created by the epi-
taxial layer sequence in vertical direction as well as lateral structural
measures such as a mesa or an aperture creating refractive index steps

1PMLs absorb the optical waves at the outer limits of the optical simulation
domain preventing reflection and artificially ensuring radiative boundary condi-
tions.
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in lateral direction. For first-order calculations it may be sufficient to
assume a constant refractive index for the calculation of optical field
and lasing wavelength of a VCSEL2. In reality, the refractive index
of a material varies spatially with temperature, carrier distributions
and gain profile. Evidently, this has impact on the calculated optical
wavelength, optical losses and the optical field.

The effects of temperature and carriers on the material refrac-
tive indices are included in the simulations [90]. The fundamental
HE11 and the first higher-order TE01 mode are accounted for in the
simulations3. The optical modes are solved in every simulation step
according to the changed temperature and carrier dependent refrac-
tive index. Resolving of the optics in every step - instead of reusing
the cold-cavity solution - elongates the simulation duration approxi-
mately by a factor of 8. A comparison between the fundamental and
first higher-order mode for the cold-cavity condition as well as for an
applied bias current of 20 mA is shown in Fig. 3.3.

3.2 Gain and Refractive Index

Material gain for the InAlGaAs-QWs of the described device is calcu-
lated for different temperatures (Fig. 3.4): For band structure calcula-
tions a 6-band k·p method is applied taking into account strain in the
quantum wells and barriers. In the calculation of stimulated recombi-
nation many-body effects are accounted for in the screened Hartree-
Fock approximation of the semiconductor Bloch equations.The gain
peak (at lasing density and 300 K) lies at 1276 nm, which is in good
agreement with the measured photoluminescence peak at 1264 nm.
With increasing temperature, the wavelength of the gain peak in-
creases approximately by 0.4 nm/K while the peak gain decreases by
-14 1/(cmK) (also refer to Figs. 4.2 and 4.3).

The gain dependence of the real part of the refractive index ∆n′

Gain

can be calculated from the microscopic material gain via the Kramers-
Kronig relation (2.68) by numerical integration [91]. The calculated

2In the cold-cavity condition, the optical mode and wavelength is only solved
for once, namely for the cold-cavity without current injection.

3Measurements show that only the fundamental and first higher-order modes
lase, which is also confirmed in simulation (considering more than two modes).
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Figure 3.3: Optical intensity pattern in [a.u.] of the fundamental HE11

(left) and the first higher-order TE01 mode (right). At the top, the
optical intensity is displayed for the cold-cavity condition (0 mA) and
at the bottom for an injection current of 20 mA.

∆n′

Gain is depicted in Fig. 3.5 for an average operation temperature of
320 K. The refractive index decreases with increasing carrier densities
in the depicted wavelength range. As mentioned in Section 2.3.3 the
linear model described in (2.69) is used to approximate the ∆n′

Gain

distribution obtained from the Kramers-Kronig transformation. For
the extraction of the linear fit (Fig. 3.6) an operating point of 7 mA
at an ambient temperature of 296 K is chosen. This corresponds to
an operation wavelength of 1321 nm (of the fundamental mode; see
Fig. 3.9) and an average quantum well temperature of 320 K. The
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Figure 3.4: Simulated material gain for the InAlGaAs-QWs of the
described device at 296 K. For band structure calculations a 6-band
k·p method is used and many-body effects are taken into account in
the screened Hartree-Fock approximation. The curves are plotted for
equal electron and hole densities in the range of 8.2 · 1017 to 5.0 ·
1018 1/cm3. The gain peaks at approximately 1276 nm (at lasing
density).
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Figure 3.5: Change of the real part of the refractive index due to gain
calculated from the microscopic material gain via Kramers-Kronig
transformation at 320 K. The dashed line depicts the wavelength (λ =
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Figure 3.6: Semi-logarithmic plot of the refractive index change
∆n′

Gain over carrier density which is obtained from a cut through
the family of curves in Fig. 3.5 at a lasing wavelength of 1321 nm.
The resulting linear fit is depicted by the dashed line.

linear fit shows good agreement with the Kramers-Kronig calculation
for carrier densities below 5 · 1018 1/cm3. As the QW carrier density
hardly exceeds this density in the simulated device (compare Fig. 4.5)
this fit is well justified. The fit parameters in Eq. (2.69) result in
A0 = −1.65 ·10−20 cm3 and Npar = 1 ·1017 1/cm3, which are assumed
to be temperature-independent.

3.3 Temperature-Dependent Device Char-

acteristics

In the next step, the simulations are calibrated to a series of temper-
ature-dependent device characteristics, namely voltage, output power
and lasing wavelength versus injection current.
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Voltage and output power. The voltage-current (V-I) as well as
the output power-current (L-I) characteristics for a series of ambient
temperatures are shown for both, simulations and measurements, in
Fig. 3.7.

The V-I-curve is characterized by the turn-on voltage of the tun-
nel junction and the p-i-n diode as well as the ohmic resistance of the
semiconductor bulk layers.

The turn-on voltage decreases with rising ambient temperature
which is caused by band gap shrinkage. The coefficients ATJ (2.59)
and BTJ (2.60) of the Hurkx tunneling-model (2.58) are temperature
dependent due to their coupling to the band gap Eg which decreases
with rising temperature.

The differential resistance (slope of the V-I-curve at voltages higher
than the diode turn-on) is influenced by the carrier mobilities, which
are set to literature values. The differential resistance is approxi-
mately 80 Ω. It remains approximately constant over temperature
indicating that it is not affected by the temperature-dependence of
the mobilities but the temperature-dependent band gap shift of the
pn-junctions (active pn-junction as well as tunnel junction).

The L-I-characteristic is described by the threshold current, the
optical external efficiency as well as thermal roll-over.

The threshold current is a function of non-radiative and radiative
current, gain and loss. Fig. 3.8 depicts the simulated and measured
distributions of threshold current Ith over temperature which are ex-
tracted from Fig. 3.7. The parabolic shape of Ith versus temperature
is mainly determined by the thermal shift of gain peak and lasing
wavelength as well as Auger recombination: The self-heating of the
VCSEL leads to a red shift in the gain spectrum (due to band gap
reduction) as well as the resonant wavelength (due to temperature
dependence of refractive index). The shift in the gain peak over tem-
perature is much stronger than the one of the wavelength causing the
mode gain to change over temperature for a fixed carrier density. Ad-
ditionally, Auger recombination increases at elevated temperatures.
The detuning of the device4 can be verified in simulation by calibrat-

4The detuning is characterized by the offset between gain peak and lasing
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Figure 3.7: Measured (top) and simulated (bottom) voltage-current
(left axis) and power-current (right axis) characteristic for a range of
ambient temperatures.
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Figure 3.8: Measured (symbols) and simulated (solid lines) threshold
current (left axis) and slope efficiency at 7 mA (right axis) versus
ambient temperature.

ing the parabolic shape of threshold current versus temperature as
the temperature location of its minimum is strongly dependent on
the gain-mode offset. The device under investigation has a negative
gain-mode offset (i.e. the lasing energy is smaller than the energy of
the gain peak) of about 45 nm at room temperature and operating
current, with a mode peak of 1276 nm (Fig. 3.4). A more thorough
analysis of the mechanisms defining the temperature dependence of
threshold is presented in Section 4.1.1. Measurements of nominally
identical devices lie within the range of the deviations in threshold
current between the simulations and measurements presented here.

The optical external efficiency or slope efficiency ηd (slope of L-
I characteristic above threshold, before roll-over) is determined by
the ratio of optical out-coupling loss and total loss as well as the
carrier injection efficiency into the active region. Fig. 3.8 depicts the
simulated and measured distributions of the slope efficiency (at an

wavelength.
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injection current at 7 mA) over temperature which are extracted from
Fig. 3.7. The slope efficiency declines over temperature due to the
decrease of optical out-coupling (mirror) losses as well as total losses
with increasing temperature (also refer to Section 4.3). The turn-on
of the higher-order HE01 mode results in an increase of the slope
efficiency which can be seen for low temperatures (296 K to 316 K)
in both the simulated and measured characteristics. For an ambient
temperature of 326 K measurements show that the higher-order mode
only lases briefly while the simulation does not leave the single-mode
regime.

Thermal roll-over (saturation/decrease of output power with in-
creasing injection current) is governed by carrier related effects (pre-
dominantly Auger recombination [92]) in combination with the self-
heating of the device. The mechanisms behind thermal roll-over will
be analyzed in Section 4.1.3 in more detail. The kinks which are only
present in the measured LI-characteristics at high currents (above roll-
over) and high temperatures are not reproduced in simulation. They
can be attributed to polarization switches in the optical modes [93].

Wavelength. The lasing wavelength of a VCSEL is a strong func-
tion of temperature (Fig. 3.9). The refractive index increases with
rising temperature (2.67), which then leads to an increase in the op-
tical length of the cavity and, hence, the lasing wavelength. This
results in a rise in wavelength not only over ambient temperature but
also over bias current. A good agreement between simulation and
measurement indicates that the simulated temperature rise due to
self-heating is in good accordance with the one present in the real de-
vice. A wavelength shift of ∂λ

∂T = 0.10 nm/K for ambient temperature

and ∂λ
∂I = 0.42 nm/mA as average value for applied current is ex-

tracted from measurements. The wavelength rises more strongly over
bias current for the fundamental HE11 mode than for the higher-order
TE01 mode which is caused by the higher temperature increase in the
device center than in the off-center locations.
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Figure 3.10: Measured (symbols) and simulated (solid lines) far field
angle (full-width half-maximum (FWHM)) versus current for different
ambient temperatures. The TE01 mode turns on at approximately
10 mA for 296 K and 13 mA for 316 K which leads to a broadening
of the far field angle. For higher temperatures the higher-order mode
does not turn on.

3.4 Optical Far Field

The optical far field above threshold gives a fairly accurate represen-
tation of the internal optical mode shape as well as the number of
lasing modes. The full-width half-maximum (FWHM) angles of the
measured and simulated far field patterns are plotted in Fig. 3.10. Due
to surface roughness, optical scattering losses in the order of 10 % of
the HE11 losses are included in the fundamental mode.

Three distinct features are observed in the far field:

• At low currents, the far fields rise linearly with increasing bias
current which is caused by the constant decrease of the near
field due to the increasing confinement of the mode (thermal
lensing). Its absolute value (for a certain bias) does not vary over
temperature as the refractive index gradient between the device
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center and the peripheral areas of the device stays approximately
constant for different ambient temperatures.

• The turn-on of the higher-order TE01 mode results in a sud-
den increase of the FWHM angle (e.g. for room temperature at
approximately 10 mA) as the TE01 far field is wider than that
of the fundamental mode. The total far field of a multi-mode
device is given by the superposition of the individual far fields
per mode. As soon as the higher-order mode reaches threshold
the modes compete for the carriers in the reservoir and, hence,
for stimulated emission. This leads to a lowering of the funda-
mental output power and to an increase in the output power of
the higher-order mode which is visible in the strong influence of
the TE01 mode on the far field.

• The bias current at which the higher-order mode turns on in-
creases with temperature (TE01-turn-on at 10 mA for 296 K
and 13 mA for 316 K), which will be explained in Section 4.2.

3.5 Summary

In this chapter, the calibration of the electro-opto-thermal simula-
tions of a long-wavelength VCSEL with tunnel junction to a set of
temperature-dependent device characteristics was presented. In a first
step, the material gain tables were calculated from microscopic theory.
The real part of the refractive index due to a change in gain was ob-
tained from the Kramers-Kronig transformation of the material gain.
Both, material gain and the resulting refractive index change are in-
put parameters to the device simulator. In the next step, the actual
calibration of the VCSEL characteristics was presented. The voltage-
current and power-current characteristics show good agreement with
measurements. The wavelength was calibrated over temperature and
current, for the fundamental and first higher-order mode. The far field
shows the turn-on of the higher-order mode quite clearly and a good
correspondence between simulations and measurements was achieved.





Chapter 4

Self-Consistent

Electro-Opto-Thermal

Simulation: VCSEL

Analysis

In this chapter, the long-wavelength VCSEL design which was cal-
ibrated to measurements in Chapter 3 is analyzed and optimized.
First, the thermal behavior of the investigated VCSEL over injection
current is discussed, i.e. the threshold characteristics as well as ther-
mal power roll-over are analyzed. The influence of the temperature
and carrier distributions on the optical far field is examined. A special
emphasis is laid on the optical mode switching which is investigated in
detail. Furthermore, characteristic parameters of the device are ana-
lyzed. The chapter closes with a design study aiming at improving the
single-mode output power of the device over a range of temperatures.

59
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4.1 Thermal Analysis of Lasing Charac-

teristics

The poor heat dissipation through the DBRs as well as the electric re-
sistance of interfaces and bulk layers lead to a pronounced self-heating
of the active area - which in turn results in a strong thermal depen-
dence of the device characteristics. Additionally, the thermal con-
ductivity of InP-based compounds used in long-wavelength VCSELs
is reduced (due to the ternary and quaternary alloys) as opposed to
(short-wavelength) AlGaAs VCSELs. For a proper device design it is
important to understand the VCSEL’s temperature dependencies.

One important VCSEL property is the material gain which shows
a strong temperature dependence and substantially influences the
VCSEL characteristics. The output characteristics can be - to some
extend - governed by the offset between the lasing wavelength and
the gain peak. A negative gain-mode offset (the gain peak is blue-
shifted with respect to the mode) is commonly applied in order to
improve high-temperature characteristics [83, 94]. The red-shift of
the gain peak with increasing temperature is stronger than the shift
of the cavity mode1. The specific detuning of the device will counter-
act the tendency of a decreasing material gain with increasing tem-
perature (assuming a fixed carrier density). Hence, in a (restricted)
temperature range, the material gain at lasing wavelength will actu-
ally increase with higher temperatures (Figs. 4.1 and 4.3) before it
decreases again at more elevated temperatures. Thus, the material
gain and the temperature behavior at high temperatures is improved
by choosing a strong negative detuning - but at the expense of the
maximum achievable output power at lower temperatures.

The lasing regime of a VCSEL can be classified in three regions:
lasing threshold, operation regime and thermal roll-over (Fig. 4.4).

4.1.1 Lasing Threshold

In Fig. 4.5 the evolution of the electron carrier density in a cen-
ter quantum well over injection current is depicted for 296 K and

1In this specific device, the gain shift equals 0.4 nm/K and the wavelength shift
results in 0.1 nm/K, compare Fig. 4.2.
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Figure 4.1: Material gain for different temperatures at a fixed carrier
density of 5 · 1018 1/cm3 (equal electron and hole densities). The
dash-dotted vertical lines correspond to the respective wavelengths at
lasing threshold where the dot displays the material gain at the given
temperature and wavelength. Due to the negative gain-mode offset,
the material gain at lasing wavelength rises for increasing temperature
(this statement is valid within a certain temperature range before
material gain decreases again for more elevated temperatures in the
investigated detuning regime).
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Figure 4.2: Wavelength shift of the gain peak as well as the cav-
ity wavelength at threshold versus temperature, both extracted from
simulation. While the wavelength of the gain peak increases with
0.4 nm/K (due to band gap shrinkage) the cavity wavelength increases
with 0.1 nm/K (due to the temperature-dependence of the refractive
index). Zero gain-mode offset - which is characterized by the crossing
of the two curves - is reached at approximately 440 K. The room-
temperature detuning is around 45 nm. The gain peak is extracted
for constant carrier densities of 5 · 1018 1/cm3.
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Figure 4.3: Maximum (peak) material gain as well as material gain
at threshold wavelength for different temperatures at a fixed carrier
density of 5 ·1018 1/cm3 (equal electron and hole densities). The gain
peak decreases at a rate of -14 1/(cmK) with increasing temperature.
The maximum threshold material gain at lasing wavelength (assuming
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Figure 4.5: The evolution of the electron density versus injection cur-
rent in the middle quantum well at room temperature (top) and at
an ambient temperature of 336 K (bottom). The x-axis shows the
lateral distance from the symmetry axis of the device, the y-axis the
injection current and the z-axis the carrier density.
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Figure 4.6: The evolution of material gain versus injection current
in the middle quantum well at room temperature (top) and at an
ambient temperature of 336 K (bottom). The x-axis shows the lateral
distance from the symmetry axis of the device, the y-axis the injection
current and the z-axis the material gain.
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336 K. Generally, the QW carrier density rises until mode gain equals
mode loss and, hence, the (fundamental) mode reaches lasing thresh-
old (around an injection current of 3-4 mA, compare Fig. 3.8). Due
to the specific detuning configuration of the device, threshold gain
at elevated temperatures may be reached at smaller carrier densities
than for lower temperatures - because of higher mode gain at a given
carrier density (Fig. 4.3) as well as smaller losses (see Fig. 4.18). The
corresponding material gain over injection current is shown in Fig. 4.6
for ambient temperatures of 296 K and 336 K. Even though threshold
gain at 336 K is lower than for 296 K - where one might assume that
threshold should be reached at lower carrier densities - does not mean
that the laser turn-on takes place at a lower injection current with ele-
vated temperatures. As the Auger coefficient (2.56) rises with increas-
ing temperature, an increased number of carriers gets lost at higher
temperatures due to the augmented Auger recombination (Fig. 4.7).
This results in a higher threshold current at 336 K than for room
temperature.

Generally, it is assumed that the minimum in threshold current co-
incides with the overlap of lasing wavelength and gain peak [51, 95, 96].
This design rule is commonly employed for short-wavelength AlGaAs-
based VCSEL. This concept does not hold, however, for InP-based
long-wavelength VCSELs which are strongly influenced by Auger and
free carrier recombination [97, 98]. A zero gain-mode offset at thresh-
old would be reached at approximately 440 K (Fig. 4.2). In the ana-
lyzed device, the minimum threshold current is achieved around 310 K
which corresponds to a negative detuning of approximately 40 nm at
this temperature2. Due to the strong detuning, the maximum gain
seen by the optical cavity mode is not achieved at zero gain-mode
offset but at lower temperatures (and, hence, at off-peak positions
in the gain curve, compare Fig. 4.3). Furthermore, the temperature-
dependence of the Auger-coefficient increases the threshold current
at higher temperatures above average. Thus, the threshold-minimum
is shifted towards lower temperatures and, hence, towards a negative
gain-mode offset.

2The Ith-minimum of the measured and simulated characteristics (Fig. 3.8)
differ by 6 nm. As the analysis presented in this section is entirely based on
simulation results, the corresponding Ith,min-value, which was extracted from
simulation, is used.
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Figure 4.7: The evolution of Auger recombination versus injection
current in the middle quantum well at room temperature (top) and
at an ambient temperature of 336 K (bottom). The x-axis shows the
lateral distance from the symmetry axis of the device, the y-axis the
injection current and the z-axis the Auger recombination rate.
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4.1.2 Operation Regime

The operation regime is described by the (linear) power-current char-
acteristic which exists above threshold and below thermal roll-over.
The distribution of the bound carriers (Fig. 4.5) within the quan-
tum well is determined by carrier recombination and drift-diffusion
processes in the QW as well as current confinement measures in the
cavity. Lasing threshold is characterized by the domination of stimu-
lated recombination. The area where this process prevails is given by
the optical mode shape. As the fundamental (Gaussian-shaped) HE11

mode starts lasing first this leads to a significant reduction of carriers
in the center of the quantum well with increasing injection current.
This effect is called spatial hole burning (SHB). Furthermore, the
current aperture also significantly influences the QW carrier profile,
which leads to current crowding along the edges of the aperture and,
hence, to a higher carrier density in these off-center locations. With
the entry into the lasing regime also the optical losses start to decline
(see Fig. 4.18) which directly results in a reduced lasing gain.

At room temperature, maximum spatial hole burning around the
device’s symmetry axis takes place around 10 mA, shortly before the
on-set of the higher-order TE01 mode. The higher-order mode dis-
plays its maximum intensity at an off-center location while the fun-
damental mode has its maximum in the device center (along the sym-
metry axis), compare Fig. 4.15. The on-set of the TE01 mode results
in an increase of the slope efficiency (compare Figs. 3.7 and 4.4) as
the higher-order mode partly accesses a carrier reservoir (in the off-
center location) which was not accessible to the fundamental mode.
Hence, multi-mode lasing comes along with increased stimulated emis-
sion in the off-center locations (around 3 µm in lateral direction) and
an increased reduction of carriers in these areas which is visible as
multi-mode spatial hole burning. Furthermore, the two modes also
share part of the carrier reservoir towards the device center, compet-
ing for stimulated emission in this area. This results in a decrease of
the optical output power of the fundamental mode and an increase of
the the power in the higher-order mode (Fig. 4.4).
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Figure 4.8: The course of temperature (self-heating) versus injection
current in the middle quantum well at room temperature (top) and
at an ambient temperature of 336 K (bottom). The x-axis shows the
lateral distance from the symmetry axis of the device, the y-axis the
injection current and the z-axis the local temperature.
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4.1.3 Thermal Roll-Over

Roll-over of the optical output power is described by a divergence
from the quasi linear L-I-behavior seen in the typical operation regime
which results in a decrease of the output power with increasing injec-
tion current. The thermal roll-over regime will be exemplarily ana-
lyzed at an ambient temperature of 336 K. At this temperature, the
maximum output power is reached at an injection current of 11 mA.

The roll-over is commonly seen as a thermal effect [99, 100]: Tem-
perature steadily rises within the device due to self-heating (Fig. 4.8)
which continuously increases the Auger coefficient (Fig. 4.7). This
supports a decrease of the carriers in the QW active region due to
increased nonradiative recombination. Above a certain temperature
the negative gain-mode offset will not provide any relief: with rising
temperature material gain starts to decrease again. This, in turn,
brings about a rise in carrier density in order to keep up threshold
gain. Consequently, this leads to an increase in temperature as well
as recombination losses, foremost due to enhanced Auger recombina-
tion3. Additionally, the increased carrier densities lead to a rise in
losses due to FCA.

At room temperature, the roll-over regime is entered around 17 mA
which is also characterized by an increase in Auger recombination as
well as carrier density. The bias current at which the roll-over regime
sets in generally decreases with ambient temperature. This can be
explained by enhanced Auger recombination as well as decreasing ma-
terial gain (at constant carrier density) with increasing temperature.

4.2 Optical Mode Selectivity

For the design of single- and multi-mode devices, it is crucial to un-
derstand the process of mode selectivity and to model the underlying
mechanisms correctly. In the following, the components influencing
the far field are identified, the influence of the current aperture on the
optical far field is shown and the delayed turn-on of the higher-order
mode with increasing temperature is analyzed.

3This is not only caused by the increase of the (temperature-dependent) Auger
coefficient but also the increase in carrier density.
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Figure 4.9: Simulation of the far field angle (full-width half-maximum)
versus bias current. The effects of gain, temperature and free carrier
absorption included in the refractive index on the far field are plot-
ted. The cold-cavity solution is shown for reference. All simulations
are performed at room temperature (296 K). The dash-dotted line at
15 mA visualizes the injection current at which the refractive index
extraction is performed in Fig. 4.10.

4.2.1 Impact of Carrier and Temperature Depen-

dencies of the Refractive Index

To better understand the underlying mode-selective mechanisms the
effects of temperature, carriers and gain (2.67, 2.69, 2.73) on the real
part of the refractive index and, hence, on the far field are investi-
gated and visualized in a simulation study. The input parameters
to the refractive index model were calibrated through the calibration
presented in Chapter 3.3: The value of αT is taken from literature.
The impact of FCA can be calibrated from the external quantum effi-
ciency extracted from the L-I-curve (Fig. 3.7) and the gain parameters
are obtained from the Kramers-Kronig transform of the material gain
in Section 3.2.
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Figure 4.10: Simulation of the refractive index profile in the center
quantum well in lateral direction from the symmetry axis of the device.
The impact of the distributions of carrier density, temperature and
gain on the refractive index profile is visualized. Temperature and
free carrier absorption alter the refractive indices in the entire device,
while the effect of gain is only present in the active region. The
material refractive index n0 is plotted for reference. All simulations
are performed at room temperature (296 K) and 15 mA.



74 CHAPTER 4. VCSEL ANALYSIS

First of all, each effect is investigated individually: Fig. 4.10 shows
the lateral refractive index profile in the middle QW of the simulated
device. The resulting far field is depicted in Fig. 4.9. It has to be
noted that the impact of gain on the refractive index is only present in
the active region, while temperature as well as free carrier absorption
affect the refractive indices in the entire device. This relativizes the
absolute values of the individual contributions of temperature, gain
and FCA on the refractive index shown in Fig. 4.10.

Cold-cavity solution. The cold-cavity solution of the optical mode
pattern is influenced by the distribution of the material refractive
index n0 as well as the geometry of the device. Taking this solution
as an input for the electro-opto-thermal calculations will result in no
change of the optical mode pattern over injection current and, hence,
lead to a constant (single-mode) far field over temperature.

Temperature dependence. The temperature rise in the device
center due to self-heating leads to a continuous rise in refractive index
with increasing bias current. The temperature decreases towards the
periphery of the device which results in a gradient of the refractive
indices in lateral direction. This leads to a focussing of the near
field (thermal lensing) and, thus, yields a continuous expansion of the
optical far field with increasing injection current. Fig. 4.9 shows that
the - exclusive - inclusion of thermal lensing results in a linear increase
of the FWHM angle of the far field with increasing current until the
TE01 mode starts lasing at high injection currents.

Carrier dependence. The carrier-dependencies of the refractive
index due to gain and free carrier absorption, ∆n′

Gain and ∆n′

FCA,
inversely follow the carrier distribution in the active region (Fig. 4.10)
which results in a higher refractive index at the periphery than in the
device center. The minimum in the refractive index distribution is
caused by current crowding and the increase towards the device cen-
ter originates from spatial hole burning. Due to the smaller refractive
index in the device center, the lateral refractive index contrast is de-
creased which deteriorates the waveguide. This leads to a defocussed
optical near field and, thus, a smaller far field angle than for the case
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where only the material refractive index n0 is considered. This be-
havior can be described as an anti-guiding effect. Above threshold the
far field angle remains approximately constant over injection current.
Thus, the refractive index changes due to free carrier absorption and
gain, both, result in a negative offset of the far field angle (Fig. 4.9).

Resulting far field. The simultaneous inclusion of all components
in the real part of the refractive index (n0 +∆n′

T +∆n′

Gain +∆n′

FCA)
leads to a similar behavior as if only the temperature effect on the
refractive index is considered: The overall far field linearly increases
with rising bias current. Compared to the temperature effect alone,
n0 + ∆n′

T , the optical mode is defocussed by the carrier dependent
components, ∆n′

Gain and ∆n′

FCA. This anti-guiding effect causes the
higher-order mode to be slightly less confined in lateral direction and,
hence, witness less gain (but approximately the same losses). This
results in an increased turn-on current for the TE01 mode compared
to the sole inclusion of the temperature effect.

Near Field Analysis. The near fields plotted in Fig. 4.11 show the
mode dynamics versus injection current for different depth of model-
ing of the real part of the refractive index: a comparison of only the
background refractive index n0 (cold-cavity), inclusion of the temper-
ature effect, n0+∆n′

T , and of all effects, n0+∆n′

T +∆n′

Gain+∆n′

FCA,
shows the differences on the optical near field and the mode dynamics.
The turn-on of the TE01 mode is characterized by the formation of
off-center high intensity lobes at higher injection currents. Calculat-
ing the optical mode profile only for the cold-cavity solution, where
the optics are not re-solved with increasing injection current, leads to
a wrong current-mode dependence as temperature and carrier related
effects on the refractive index and, thus, the optical mode are not
accounted for. This results in an incorrect picture of the optical mode
pattern over injection current.

This analysis shows that - in order to simulate single-mode be-
havior as well as effects on the far field correctly - the influence of
temperature and carriers on the real part of the refractive index have
to be considered as these properties have a significant impact on the
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Figure 4.11: Simulated near field patterns versus injection current
at room temperature (in a lateral cut through the near field center).
The x-axis shows the lateral distance from the symmetry axis of the
device, the y-axis the injection current and the z-axis the optical near
field intensity. The evolution of the near field over current is shown
for (a) all implemented refractive index terms (n0 + ∆n′

T + ∆n′

Gain +
∆n′

FCA), (b) the cold-cavity condition (n0) and (c) the inclusion of
the temperature dependence of the refractive index (n0 + ∆n′

T ). The
lasing of the higher-order HE01 mode is characterized by the splitting
of the near field peak.
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Figure 4.12: Simulated far field angle for a variation of the tun-
nel junction-radius in the investigated device at room temperature
(296 K). A smaller TJ-width leads to a delayed turn-on of the second-
order mode.

mode behavior.

4.2.2 Impact of Electrical and Optical Confinement

To demonstrate the impact of current and mode confinement on the
device characteristics, the width of the tunnel junction aperture is
varied in a simulation study. The effect is visualized in the optical
far field and the light-current characteristics depicted in Figs. 4.12
and 4.13.

Generally, a tunnel junction aperture provides both, electrical and
optical confinement: Electrically, the TJ acts as an aperture for cur-
rent injection into the QWs. Hence, it is - to some extent - responsible
for the lateral current distribution in the QW which reflects in the dis-
tribution of the material gain. A wider current aperture leads to a
higher threshold of the fundamental mode in contrast to an earlier
turn-on of the higher-order mode and vice versa. From the optical
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tigated device. Solid lines depict the total output power while the
dashed lines show the HE11 and TE01 power components.
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point of view, the higher refractive index of the tunnel junction ma-
terial results in a slightly different refractive index contrast in lateral
direction depending on the TJ diameter and, hence, influences the
width of the overall far field: a wider TJ aperture leads to a smaller
far field angle and vice versa. The better current confinement at
smaller aperture sizes results in an increased slope efficiency of the
fundamental HE11 mode while wider current apertures increase the
slope efficiency of the higher-order TE01 mode. The latter is also
the reason for the faster broadening of the far field shortly after the
turn-on of the TE01 mode. Furthermore, a smaller aperture leads to
increased self-heating. This results in a steeper increase of the far
field angle for small TJ aperture sizes with increasing current as well
as an earlier roll-over of the optical output power. For the smallest
aperture size in Fig. 4.12, the decrease in the higher-order far field at
high currents is determined by the earlier on-set of the roll-over due
to increased self-heating.

4.2.3 Mode Dynamics

In order to understand the temperature-dependent threshold of the
higher-order TE01 mode, once again the interplay between carrier-
density profile and mode gain in the quantum well region has to be
investigated. The maximum of the optical intensity of the higher-
order mode does not coincide with the device axis. As described
in Section 4.1, the bound carrier distribution within the quantum
well active region is determined by carrier recombination and drift-
diffusion processes in the QW as well as current confinement measures
in the cavity. The carrier density rises with temperature (Fig. 4.14) as
threshold gain has to be reached. From the TJ aperture radially out-
ward, the carrier density decreases towards the periphery of the device
- an effect which is nearly constant over temperature4 (Fig. 4.14). This
leads to a decrease in the material gain (increase in absorption) in this
peripheral area with increasing temperature (Fig. 4.15): the thermally
induced band gap shrinkage increases absorption over temperature in
the low carrier densities region at these off-center locations. Due to

4The slight decrease in carrier density over temperature in the peripheral area
of the device comes from the lowered carrier mobilities at high temperatures and,
hence, smaller drift-diffusion terms.



80 CHAPTER 4. VCSEL ANALYSIS

0 2 4 6 8

1

2

3

4

5

x 10
18

Q
W

 E
le

ct
ro

n 
D

en
si

ty
 [1

/c
m

3

 

 

296 K
316 K
336 K

Radius [ m]

]

Figure 4.14: Simulated electron carrier density in the center quantum
well along the lateral direction from the symmetry axis of the device
for different ambient temperatures as well as a bias current of 15 mA.
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Figure 4.15: Left axis: simulated optical intensity of the fundamental
HE11 (solid lines) and first higher-order TE01 (dashed lines) mode.
Right axis: simulated material gain. The transition between gain and
absorption regime is marked by the dash-dotted line. All quantities
are displayed along the lateral direction from the symmetry axis of
the device in the center QW for different temperatures as well as a
bias current of 15 mA.

the specific mode confinement the decrease in material gain/increase
in absorption only affects the (outer lobes of the) TE01 mode (refer to
Fig. 4.15). Therefore, the turn-on current for the TE01 mode increases
at elevated ambient temperatures.

4.3 Device Analysis

In the case of the microscopic device model used in this work the
input parameters are the geometry of the device and the respective
(physical) material parameters - all other device characteristics are
calculated self-consistently. This stands in contrast to simulations
using rate equations where a number of important input parameters
have to be guessed. These parameters include material gain g and



82 CHAPTER 4. VCSEL ANALYSIS

differential gain dg/dN , confinement factor Γ, and photon lifetime
τS , just to name a few. In such zero-dimensional simulations these
parameters are normally set to constant (temperature and spectrally
independent) values which leads to a significant error due to the fact
that many of these parameters are dependent on operation wavelength
or temperature (let alone the loss of information due to the reduced
dimensionality of the model).

In this section, a number of device characteristics are extracted
from the calibrated model and their dependencies are shown - some
of these terms are also input to the rate equation model.

Differential material gain. The differential material gain for elec-
trons and holes is extracted from the calculated material gain pre-
sented in Chapter 3 and is depicted in Fig. 4.16. The total effective
differential material gain dg/dN is the sum of the two contributions
by electrons and holes, dg/dn and dg/dp. Generally, the effective dif-
ferential gain decreases with increasing density (for a wide wavelength
range) and tends to saturate with high carrier densities.

At low carrier densities the contribution from electrons commonly
dominates the effective differential gain as the electron effective mass
is much smaller than the one of holes in InP. This results in fast
changes of the quasi-Fermi level. At high carrier densities the hole
differential gain plays the important role: Transitions of the second
conduction band subband at different spectral positions decrease the
electron differential gain.

For the specific detuning of the investigated device, the hole differ-
ential gain lies at slightly higher values than the electron differential
gain. The electron differential gain only provides a constant offset -
independent of the carrier density. Only changes in the hole density
will lead to a variation of the total differential gain in this detuning
configuration which results in an increase of the total differential gain
dg/dN with higher carrier densities.

Optical confinement factor. The optical confinement factor Γ is
defined as the fraction of the integrated field distribution overlapping
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(bottom) at 296 K. Note that the plots for both, dg/dn and dg/dp,
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Figure 4.18: Total optical losses for the fundamental HE11 mode
versus injection current for different ambient temperatures.

with the active region,

Γν =

∫

qw |Ψν |2dA
∫

tot |Ψν |2dA
. (4.1)

|Ψν |2 describes the optical intensity of the mode ν.
∫

qw signifies inte-

gration over the active area while
∫

tot stands for integration over the
entire device.

With rising bias current the mode confinement of all modes im-
proves (due to thermal lensing) and, hence, the optical confinement
factor increases5 (Fig. 4.17). The same can be said for increasing am-
bient temperature. The confinement factor of the first higher-order
TE01 mode is smaller than the one of the fundamental mode HE11

mode (by approximately 1.5 %) due to the off-center position but
shows the same current and temperature dependence.

5by roughly 3 % over the simulated current range
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Total optical losses. The total optical losses (2.38) are the in-
verse of the photon life time τS and are given by the device structure
(e.g. mirror (out-coupling) or diffraction losses) as well as free carrier
losses. The total losses of the fundamental HE11 mode are depicted
in Fig. 4.18. Below threshold the carrier densities rise with increas-
ing current and, hence, losses increase due to increased free carrier
absorption.

From simplified models (such as rate-equations) we expect the car-
rier density to approximately clamp above threshold, leading to a con-
stant material gain at constant losses [10]. As was shown earlier in this
chapter, this is not the case in a real device (compare Fig. 4.5): Above
threshold, the carrier density might even decrease leading to reduced
FCA - an effect which is more pronounced at lower temperatures. Fur-
thermore, the increase of the refractive index with self-heating results
in a reduction of the optical losses. Around roll-over, carrier densities
start to rise again and, thus, total losses increase once more due to
increased free carrier absorption. This point is reached earlier with
increasing ambient temperature.

Generally, the losses below roll-over decrease with increasing am-
bient temperature due to the increase of the refractive index with
temperature.

Wall-plug efficiency. The wall-plug efficiency (also power-conver-
sion efficiency) (Fig. 4.19) is defined as the ratio of optical output
power to injected electrical power

ηtot =
Pout

Pin
=

P

IV
. (4.2)

It is a measure of the quality of the device and also stands for the con-
version of electrical power into heat. In the short-wavelength range,
wall-plug efficiencies as high as 57 % have been reported [30] which
were achieved with multi-mode devices. The long-wavelength VCSEL
section is trailing behind with less than 25 % conversion efficiency
achieved for a multi-mode VCSEL. Naturally, single-mode devices
have lower wall-plug efficiencies which lie in the range of 15 % in
the long-wavelength regime [101, 102]. In the investigated device,
the power conversion efficiency reaches its (room temperature) peak
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Figure 4.19: Simulated power conversion efficiency (wall-plug effi-
ciency) and maximum active region temperature

value of more than 10 % shortly after threshold and deteriorates for
higher current values due to increased temperature related loss mech-
anisms. The turn-on of the TE01 mode around 10 mA causes the
kink (increase in efficiency) in the room temperature conversion effi-
ciency. Compared to measurements, the maximum power conversion
efficiency is overestimated in simulation due to the slightly higher
slope efficiency.

Optical external efficiency. The optical external efficiency (slope
efficiency) ηd relates the differential change in output power versus
bias current and is given by the slope of the LI-curve (Fig. 3.7). It is
defined as

ηd = ηi
Lout

Ltot
, (4.3)

with the (electrical) injection efficiency ηi, out-coupling losses Lout

and total losses Ltot. Ideally, ηd is constant meaning that the effi-
ciency with which the laser converts electrons applied at the contact



88 CHAPTER 4. VCSEL ANALYSIS

6 8 10 12 14 16 18

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Current [mA]

O
pt

ic
al

 E
xt

er
na

l E
ffi

ci
en

cy
 [m

W
/m

A
]

 

 

296 K
316 K
336 K

Figure 4.20: Optical external efficiency (slope efficiency) ηd, extracted
from simulated LI-characteristics. The dotted line at 0 mW/mA in-
dicates the point where roll-over is reached.

to photons emitted at the mirror facet stays constant. In a real de-
vice - unfortunately - this cannot be achieved: The slope efficiency
decreases with increasing current (Fig. 4.20). The discontinuities of
ηd at 296 K (at 10 mA) and 316 K (at 12 mA) are caused by the turn-
on of the higher-order TE01 mode. At a slope efficiency of 0 mW/mA
the maximum output power and, hence, roll-over is reached which is
indicated by the dotted line in Fig. 4.20. Additionally, the slope effi-
ciency decreases with higher ambient temperature due to the decrease
of optical out-coupling (mirror) losses as well was total losses with in-
creasing temperature.

4.4 Design Optimization

After the thorough calibration of the simulated device to measure-
ments in Chapter 3, the simulator is expected to be predictive to de-
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sign variations in the calibrated material system. Improving a device’s
performance is always a challenging task. Multi-dimensional physics-
based simulations provide a good framework for device optimization
- shortening the time- and cost-intensive experimental improvement
process.

Design variations. In simulation, a series of design variations was
performed for a range of ambient temperatures. The effects on the
L-I-V characteristics are analyzed for two different temperatures,
namely 296 K and 336 K. Among the design variations performed
the following four yielded the most promising results (see Fig. 4.21):

• The p-type doping of a buffer layer between the TJ and QW-
regions is increased which raises the electric field not only in
this altered layer but also in the adjacent TJ-region. This mea-
sure results in a higher tunneling rate (see (2.58)) and, hence,
increased hole current into the active region. This yields an ele-
vated stimulated recombination rate and, thus, leads to a higher
slope efficiency. The higher doping of the buffer layer increases
the current spreading slightly also towards off-center locations
which leads to an earlier turn-on of the higher-order mode.

• Decreasing the (negative) detuning of the device (here by 14 nm)
increases mode gain and, hence, reduces threshold current sig-
nificantly (at the cost of a reduced temperature stability). The
TE01-turn-on is slightly decreased as the higher-order mode also
sees higher modal gain.

• Increasing the (degenerate) n-doping of the TJ reduces the junc-
tion bias. Furthermore, the lower resistivity results in a smaller
self-heating of the device which is reflected in a slightly less
pronounced thermal lense. This leads to a delayed turn-on the
TE01 mode.

• By reducing the TJ-radius (in this case by 0.25 µm) the turn-
on of the higher-order TE01 mode can be delayed (see also
Fig. 4.13).

Generally, the turn-on of a higher-order mode could also be influ-
enced - probably more efficiently - by the introduction of mode selec-
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Figure 4.21: Simulated light-current (left axis) and voltage-current
(right axis) characteristics for different design variations at 296 K
(top) and 336 K (bottom). Solid lines depict the total output power
while the dashed lines depict the HE11 and TE01 power components.



4.5. SUMMARY 91

tive losses rather than by the limited approach of a reduced aperture
diameter. Mode selective losses can be imposed in the form of ring-
shaped metallic absorbers [103] or etched surface reliefs [104, 105].
These measures would make an additional processing step necessary
and, therefore, were not included in this analysis.

Improved device. By simulation, the four variations described
above are combined into one new design which now features an im-
proved tunnel junction efficiency, current confinement and injection
into the quantum well region as well as a reduced detuning of the
device. The improved L-I-V-characteristic is compared to the original
design in Fig. 4.22. The turn-on voltage is decreased while the dif-
ferential resistance in the V-I-characteristic is slightly increased but
- overall - the improved design still features a lower voltage per (in-
jection current) bias point than the original design. The threshold
current is almost halved over the entire temperature range. Further-
more, the maximum single-mode output power rises by 60 % at 296 K
while at 336 K the maximum value of the single-mode output power
is almost doubled. The wall-plug efficiency (4.2) could be improved to
a (single-mode) peak value of more than 20 % at room temperature.

The turn-on of the higher-order mode is decreased by less than
1 mA. Given the big improvement in the single-mode output power
below the turn-on of the higher-order mode and the much lowered
lasing threshold the earlier turn-on of the TE01 mode can be approved.

4.5 Summary

In this chapter, the simulations calibrated in the previous chapter
were used to analyze and optimize the design of the investigated long-
wavelength VCSEL. First, the optical output characteristics over in-
jection current were investigated. The evolution of threshold material
gain over temperature was shown. In a long-wavelength TJ VCSEL,
the parabolic dependence of the threshold current on ambient tem-
perature is dependent on the room-temperature gain-mode offset as
well as Auger recombination. It was shown that the minimum of the
threshold parabola does not coincide with the overlap of the gain peak
and lasing mode. Thermal roll-over is influenced by the increase of
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Figure 4.22: Simulated light-current (left axis) and voltage-current
(right axis) characteristics of the original (red) and improved (blue)
VCSEL design at 296 K (top) and 336 K (bottom). Solid lines depict
the total output power while the dashed lines depict the HE11 and
TE01 power components.
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the internal device temperature due to self-heating at higher injection
currents. This leads to augmented Auger recombination as well as a
reduced material gain. Subsequently, an analysis of mode-switching
behavior was performed. The far field qualifies for this investigation
as it nicely displays the mode confinement as well as the turn-on of
the higher-order mode. The self-heating as well as the carrier distri-
bution within the device have a significant impact on the far field and
the multi-mode behavior of a VCSEL through their impact on the re-
fractive index. An increase in temperature leads to a confinement of
the optical mode (thermal lensing) while an increase in carrier density
will result in an anti-guiding of the optical field. The temperature-
dependent turn-on of the higher-order mode is caused by the increased
absorption at the off-center locations with higher temperature. The
peak wall-plug efficiency of the investigated device was shown to be
around 10 %. The chapter closes with a design optimization. The
impact of the TJ radius and of the detuning between gain peak and
lasing mode as well as the impact of the doping concentration in the
tunnel junction and in a TJ buffer layer were presented. With these
measures the output characteristics of the VCSEL could be signifi-
cantly improved for different temperatures which resulted in an ap-
proximately doubled wall-plug efficiency.





Chapter 5

Conclusion and Outlook

5.1 Major Results

In this work, a TCAD simulation tool was used for the analysis of long-
wavelength vertical-cavity surface-emitting lasers. The microscopic
electro-opto-thermal simulations which were solved self-consistently
were performed with the device simulator Synopsys Sentaurus De-
vice. The investigated InP-based long-wavelength VCSEL with tunnel
junction was fabricated by BeamExpress SA.

A thorough calibration of the investigated device to a series of
temperature-dependent static characteristics was performed. The suc-
cessful calibration of the investigated TJ VCSEL including the opti-
cal far field characteristics is unique. Based on these calibrations, a
systematic analysis of the device characteristics was carried out. Par-
ticular attention was paid to the turn-on and the thermal roll-over
behavior of the device. This was followed by a detailed analysis of the
optical far field and the mode behavior: The impact of temperature
and carrier distributions on the optical mode shape and, hence, the far
field was investigated. Special emphasis was laid on the multi-mode
behavior (inferred from far field characteristics) of the device and the
temperature-dependence of the higher-order TE01 mode turn-on was
analyzed. Important device characteristics were analyzed.

By simulation, the injection into the quantum well region and the
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tunnel junction efficiency as well as the detuning between the gain
peak and lasing wavelength were improved. With these measures, not
only the single-mode output power was significantly increased over all
temperatures and the turn-on voltage decreased but also the threshold
current was almost halved over the entire temperature range.

5.2 Outlook

Some open issues for further work remain:
Patterned VCSEL designs breaking the rotational symmetry of

the device are becoming more popular with device designers as this
approach facilitates polarization and lateral mode control: These de-
signs include asymmetric current injection schemes [106], holey struc-
tures [105, 104] or lateral photonic crystal waveguides [107]. The
current simulator implementation exploits the rotational symmetry
present in standard VCSEL designs. A three-dimensional implemen-
tation applying a combination of the effective index method (EIM)
for the vertical optical field and the finite element method (FEM) for
the transverse field poses a number of disadvantages such as the inac-
curate calculation of losses [51, 108]. Hence, a full 3D-implementation
of the wave-equation for the optical field is necessary for simulation
and analysis capabilities of non-symmetric VCSEL structures.

Reliability is a big issue in the commercial VCSEL manufacturing.
The lifetime of the device is not only influenced by electrostatic dis-
charge and electrical overstress but also by the amount of self-heating.
By means of the TCAD framework some reliability analysis can be
performed [5].

Presently, the gain dependence of the refractive index ∆n′

Gain is
implemented using a one-dimensional linear fit which is obtained from
the Kramers-Kronig transform of the material gain tables. The refrac-
tive index change should also be read from look up tables (similar to
the precomputed gain tables) in order to replace the present linear fit.

The modeling of free carrier absorption could be improved by a
microscopic model [109, 110, 111].



Appendix A

Kramers-Kronig

Relation

The complex refractive index nref and the complex permittivity ε are
connected by

ε = ε′ + iε′′ = (n′ + in′′)2 = n2
ref . (A.1)

They display a frequency dependence. Considering a broad frequency
range the real and the imaginary part of the refractive index (as well
as the complex permittivity or susceptibility) cannot be treated inde-
pendently but are linked by the Kramers-Kronig relation [112, 113].

The time-domain Maxwell’s equations relate the electric field E

and the electric displacement field D by [53, 73]

D(t) = εE(t) = ε0E(t) + P (t) (A.2)

with the polarization P

P (t) = ε0

∫ t

−∞

χ(t − τ)E(τ)dτ. (A.3)

The spatial dependencies are neglected. χ stands for the electric sus-
ceptibility which can be understood as the response of the material
to a Dirac pulse. Hence, χ(τ) = 0 for τ < 0 to obtain causality. The
permittivity ε = εrε0 is a product of the relative permittivity εr and
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the permittivity of free space ε0. Taking the Fourier transform of
(A.2), D becomes

D(ω) = ε(ω)E(ω) (A.4)

in frequency domain with

ε(ω) = ε0

(

1 +

∫

∞

0

χ(τ)eiωτ dτ
)

. (A.5)

Taking into account that ε′(ω) is even and ε′′(ω) an odd function of
ω, ε(ω) becomes

ε(ω) − ε0 =
1

iπ
P

∫

∞

−∞

ε(ω̃) − ε0

ω̃ − ω
dω̃. (A.6)

P denotes the Cauchy principle value integral. If a separation of (A.6)
into real and imaginary part (A.1) is carried out, the Kramers-Kronig
relations of ε are obtained,

ε′(ω) − ε0 =
2

π
P

∫

∞

0

ω̃ε′′(ω̃)

ω̃2 − ω2
dω̃ (A.7)

ε′′(ω) = −2ω

π
P

∫

∞

0

ε′(ω̃) − ε0

ω̃2 − ω2
dω̃. (A.8)

The Kramers-Kronig relation for the refractive index nref results
from replacing ε′ and ε′′ in (A.7) and (A.8) by n′ and n′′,

n′(ω) − 1 =
2

π
P

∫

∞

0

ω̃n′′(ω̃)

ω̃2 − ω2
dω̃ (A.9)

n′′(ω) = −2ω

π
P

∫

∞

0

n′(ω̃) − 1

ω̃2 − ω2
dω̃. (A.10)

The imaginary part of the refractive index n′′ equals the extinction
coefficient k and relates to the absorption coefficient α via

n′′ = k =
cα

2ω
. (A.11)

(A.9) becomes with (A.11)

n′(ω) − 1 =
c

π
P

∫

∞

0

α(ω̃)

ω̃2 − ω2
dω̃ (A.12)
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The change of the (real) refractive index ∆n′ with carrier density can
be related to a change in the absorption coefficient ∆α,

∆n′(ω) =
c

π
P

∫

∞

0

∆α(ω̃)

ω̃2 − ω2
dω̃ (A.13)

or in energy space

∆n′(E) =
2c~

q2
P

∫

∞

0

∆α(Ẽ)

Ẽ2 − E2
dẼ. (A.14)





List of Abbreviations

and Symbols

List of Abbreviations

1D one-dimensional
2D two-dimensional
3D three-dimensional
C2H6 ethane
CH4 methane
CO2 carbon dioxide
CPT coherent population trapping
CW continuous wave
DBR distributed Bragg reflector
DFM design for manufacturing
DFY design for yield
EEL edge emitting laser
EIM effective index method
FC fibre channel
FCA free carrier absorption
FEM finite element method
FF far field
FTTH fiber-to-the-home
FWHM full-width half-maximum
GPS global positioning system
HE transverse magnetic field
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HE11 fundamental mode
H2O water
LAN local area network
LASER light amplification by stimulated emission of radiation
LED light emitting diode
L-I light (output power)-current
L-I-V light-current-voltage
MAN metropolitan area network
MOST media oriented system transport
NF near field
QW quantum well
PML perfectly matched layer
PON passive optical network
SAN storage area network
SHB spatial hole burning
SHF screened Hartree-Fock
SRH Shockley-Read-Hall
TCAD technology computer aided design
TDLS tunable diode laser spectrocopy
TE transverse electric field
TE01 first higher-order mode
TJ tunnel junction
VCSEL vertical-cavity surface-emitting laser
V-I voltage-current
WDM wavelength division multiplex

List of Symbols

A Shockley-Read-Hall coefficient
ANF total area of the near field pattern
ATJ Hurkx band-to-band tunneling coefficient
A0 amplification parameter of linear ∆n′

Gain model
B spontaneous emission coefficient
BTJ Hurkx band-to-band tunneling coefficient
C (temperature dependent) Auger coefficient
c speed of light
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Ca Auger coefficient at temperature T0

Ccap,n (electron) QW capture rate
cth heat capacity
D electric displacement field
Dn electron diffusion coefficient
Dp hole diffusion coefficient
dG/dN total (effective) differential material gain
dG/dn differential electron material gain
dG/dp differential hole material gain
E electric field
EC energy of the conduction band edge
EF Fermi energy
EF,n quasi-Fermi energy for unbound electrons
E2D

F,n quasi-Fermi energy for bound electrons

EV energy of the valence band edge
Eg band gap energy
Etrap trap energy (SRH)
fe(E

′) local Fermi-Dirac distribution of electrons
fh(E′) local Fermi-Dirac distribution of holes
G modal gain
g material gain
GN carrier generation rate in active region
GS photon generation rate in active region
GTJ carrier generation rate in tunnel junction
gth threshold gain
H heat generation rate
h Planck’s constant
~ reduced Planck’s constant, ~ = h/(2π)
I current
i conduction subband
Ith threshold current for lasing
Jn electron current density

J
2D
n bound electron current density (in QW)

Jp hole current density
j valence subband
k wave vector
k extinction coefficient
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kB Boltzmann constant
L loss
Lout out-coupling (mirror) loss
Ltot total loss
L(E, E′) linewidth broadening function
m0 free electron mass
mn effective electron mass
mp effective hole mass
mTJ effective tunneling mass
N carrier density
n electron density
n′ real part of complex refractive index nref

n′′ imaginary part of complex refractive index nref

n0 background (material) refractive index
n2D bound electron density (in QW)
N−

A ionized acceptor concentrations
N+

D ionized donor concentration
ni intrinisc carrier density
n′′

Mat material absorption
Npar density parameter of the linear ∆n′

Gain model
nref complex refractive index
Nth threshold carrier density
Ntr transparency carrier density
P polarization
P optical power
p hole density
Pin injected electrical power
pk microscopic polarization
Pout optical output power
q elementary charge
r location in space
RAug Auger recombination rate
RN carrier recombination rate in active region
Rnr nonradiative recombination rate
RS photon recombination rate in active region
Rsp spontaneous recombination rate
rsp spontaneous emission coefficient
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RSRH Shockley-Read-Hall recombination rate
Rst stimulated recombination rate
rst stimulated emission coefficient
S heat flux
S photon density

S
P Poynting vector

T temperature
t time
T0 temperature at which a coefficient is defined (e.g. Ca)
Tsp spontaneous emission rate
V voltage
Va active region volume
vg group velocity
vp phase velocity
Vout out-coupling volume
VS photon (mode) volume
Vtot total volume
w total electromagnetic energy

α absorption coefficient
αi internal loss
αm mirror loss
αn free carrier electron absorption coefficient
αp free carrier hole absorption coefficient
βsp spontaneous emission factor
Γ confinement factor
∆n′

FCA change in n′ due to free-carrier absorption
∆n′

Gain change in n′ due to gain
∆n′

T change in n′ due to temperature
∆n′′

FCA change in n′′ due to free-carrier absorption
∆n′′

Gain change in n′′ due to gain
ε complex permittivity, ε = ε′ + iε′′

ε′ real part of the complex permittivity
ε′′ imaginary part of the complex permittivity
ε0 permittivity of free space
εr relative permittivity, ε = εrε0

ηd differential quantum efficiency
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ηi internal quantum efficiency
ηopt optical external efficiency (slope efficiency)
κth thermal conductivity
λ optical wavelength
|µk|2 optical matrix element
µdop minimum mobility at high doping densities
µn electron mobility
µmax maximum mobility (without doping)
µp hole mobility
ν mode index
ρ reduced density of states
τcap,n effective scattering time of electrons into QW
τN carrier lifetime
τn,p carrier lifetime
τS photon lifetime
φ electrostatic potential
χ electric susceptibility
Ψ optical field distribution
ω angular optical frequency
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