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Summary

Electrically-pumped (EP) vertical-cavity surface-emitting lasers (VCSELs) operating above
2µm are currently attracting considerable attention for potential gas sensing applications
by tunable diode laser absorption spectroscopy (TDLAS). There are strong absorption
lines of numerous polluting gases in the wavelength range between 2.3 and 3.5µm. Due to
material limitations, InP-based devices will probably not reach more than 2.3 µm. In con-
trast, the GaSb-based material system allows covering the whole mid-infrared wavelength
regime. As light sources, VCSELs are very attractive choices for these applications because
VCSELs exhibit excellent lasing characteristics, such as true single-mode operation, high
current tuning coefficient and cost-effective production.

This thesis focuses on the development of novel electrically-pumped (EP) continuous-wave
(CW) operating GaSb-based application-suited VCSELs in the wavelength range between
2.3 µm and 2.6 µm. In particular, much emphasis has been laid on devices with record long
emission wavelengths of 2.6 µm which exhibit single-mode operation with a reasonably wide
mod-hop free tuning range. The design, fabrication and especially the characterization of
such lasers are extensively discussed here. This thesis also presents some design principles
for next generation high performance GaSb-VCSELs based on the device characterization
results. The examination of the several individual components of the device and their suc-
cessful implementation onto the device are also covered here.

The presented devices are operated upside-up in a top-emitting configuration with a bot-
tom epitaxial and top outcoupling dielectric Bragg mirror. Lateral current confinement
and index guiding in the device are accomplished by utilizing the buried tunnel junction
(BTJ) concept. In addition, the BTJ concept allows the substitution of the p-type layers by
n-type ones on top of the BTJ to obtain a low electrical resistance, and as a consequence,
a reduced device heating which is one of the biggest concerns in very long wavelength VC-
SELs utilizing low bandgap materials.

Low resistive ohmic contacts to lattice-matched n-type InAsSb on n-GaSb substrates for
such devices is extremely important. Using wet chemical treatment as a surface prepa-
ration in order to remove the native oxides and evaporating Ti/Pt/Au metals sequen-
tially, specific contact resistivities as low as 5.6× 10−6 Ωcm2 without any annealing are
obtained. The resistivity decreases to 3.7× 10−6 Ωcm2 after annealing at 350°C for 90 s.
An n+-InAsSb / p+-GaSb tunnel junction for intra-device contacts with an extremely low
contact-resistivity of 1.5× 10−6Ωcm2 is also reported.

During the project work, worldwide first results on EP, continuous-wave operating single-
mode GaSb-based VCSELs with a long emission wavelength of 2.5 µm were achieved. The
device performance was enhanced in 2.6 µm VCSELs in terms of output power and maxi-
mum operating temperature. Owing to the excellent thermal heat management, these de-
vices operate up to a heatsink temperature of 58◦C with reasonable optical output power.
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Summary

Devices exhibit single-mode emission over their entire operating range along with a rea-
sonably good tuning behavior. The VCSEL emission wavelength has been extended up to
2.63µm where single-mode operation is achieved from devices up to 9 µm aperture diame-
ter. This is advantageous for many spectroscopic applications since higher optical output
power can be obtained from large aperture devices, while maintaining single-mode opera-
tion. Finally the suitability and applicability of these presented lasers as a light source in
photonic sensors has been confirmed by performing a TDLAS-based water vapor measure-
ment.

For improved device performance in terms of better thermal management, the new concept,
i.e.mounting VCSEL chip upside-down on integrated gold heatsink is introduced. A di-
electric Bragg mirror on both sides of the cavity can be employed in such device structure.
Thus the optical absorption loss and at the same time electrical series resistance in the
device can be minimized by using lossless dielectric mirror instead of lossy n-doped epitax-
ial mirror. All the optimized technological processes required for the device fabrication by
using such concept are also illustrated here.

The presented work on mid-infrared VCSELs would greatly expand the scope of spec-
troscopic applications like gas sensing by realizing compact, low-cost photonic sensors.
The wavelength range from 2.5µm to 2.63 µm accessed in this study is extremely impor-
tant due to the presence of strong water vapor (H2O), hydrogen-sulfide (H2S), hydrogen-
cyanide (HCN) and nitrous oxide (N2O) absorption lines, enabling a sensor to detect these
gases at a much higher sensitivity. In fact, emission wavelengths of these lasers are obtained
at 2.605, 2.596 and 2.594 µm where the strongest water vapor absorption lines lie. Such
application-suited VCSELs open the way especially for water measurements and isotopic
ratio studies by realizing absorption spectrometers with significant sensitivity improve-
ments.
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Introduction

Recently, there has been an increasing interest in mid-infrared (MIR) diode lasers due
to a wide range of emerging applications. For instance, these lasers are used in counter-
measures against heat-seeking missiles in the military field [1], thermal imaging systems [2]
chemical process monitoring [3], industrial process controlling [4], non-invasive medical di-
agnostics [2, 5] and free-space optical communication [6]. Some other potential applications
newly served by these lasers are protein folding dynamic studies and facilitation of drug
development, stand-off explosive detection, time-resolved IR spectroscopy, sub-diffraction-
limited hyperspectral imaging (scanning near-field optical microscopy), and the detection
of low-volume or transient analytes [7]. So, it is obvious that currently, the landscape of
the mid-infrared (MIR) laser market has expanded tremendously in terms of commercial
applicability, widespread adoption and extreme growth in overall market value.

In addition, in recent years, trace-gas sensing by tunable diode laser absorption spec-
troscopy (TDLAS) has also drawn lots of attention for security and environmental rea-
sons [8]. Compared to conventionally used electro-chemical cells, TDLAS-based photonic
sensors offers certain advantages for the study of absorption spectra of gaseous molecules by
significantly increasing the gas detection sensitivity and selectivity [9] and by lowering the
response time. Such photonic sensors can be additionally benefited in terms of the sensitiv-
ity when the absorption lines of these trace gases become strong. As a matter of fact, strong
absorption lines of numerous trace gases like CO, H2S, H2O, HF, CH4, CO2 etc. lie in the
spectral regime of 2 to 3.5 µm [10]. This is why currently significant progress has been made
towards the development of MIR lasers especially in the aforementioned wavelength regime.

Several groups worldwide are currently actively involved in pursuing antimonide-based
lasers between 2 and 3.5 µm. Unfortunately, TDLAS suitable InP-based lasers can access
up to the wavelength of 2.3 µm which seems to be the wavelength limit for the InP material
system [11]. Wavelengths higher than 2.3 µm are only accessible with the GaSb material
system. This necessitates the novel (AlGaIn)(AsSb) material-system on GaSb substrates
to realize application-suited light sources in the desired wavelength regime.

Principally suited light sources are edge-emitters, distributed feedback (DFB) lasers and
vertical-cavity surface-emitting lasers (VCSELs). Spectroscopic experiments cannot be
successfully performed using conventional edge-emitters due to their multimode behavior
as well as mode-hopping which degrade the performance of the sensors. Despite of the
single-longitudinal and transverse mode emission, DFB lasers suffer from their high man-
ufacturing cost and low (electro-)thermal wavelength tunability. However, light sources
with a single longitudinal and transverse mode emission, high (electro-)thermal wavelength
tunability as well as a wide mode-hop free tuning range is desired in compact and low-cost
TDLAS-based photonic sensors [12]. Since VCSELs fulfill all these requirements at a time,
they can be considered as ideal laser sources for this gas sensing application.
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Introduction

Significant efforts have already been devoted to develop optically-pumped GaSb-based VC-
SELs as a first step into the MIR wavelength regime. However, optical pumping significantly
increases the complexity and the cost of the overall system due to the use of an additional
pump laser which itself requires much more electrical power. The realization of a compact
and packaged sensing system seems to be difficult in this way. Such a circumstance ne-
cessitates the realization of electrically-pumped (EP) VCSELs preferably operating in the
continuous-wave (CW) mode and at room temperature (RT).

The principal aim of this thesis is to realize electrically-pumped GaSb-based CW-operating
VCSELs with an emission wavelength of above 2 µm. Utilizing buried tunnel junction (BTJ)
concept, current and optical confinement is introduced in these devices. This work was per-
formed together with Kaveh-Kashani Shirazi and Kristijonas Vizbaras who were involved
in the epitaxial growth of antimonide semiconductor layers and VCSEL structures using
molecular beam epitaxy (MBE). The primary focus of this dissertation has been the devel-
opment of EP GaSb-based BTJ VCSELs emitting at a record long wavelength of 2.6µm.
This thesis extensively examines the design, fabrication, and characterization of such de-
vices which exhibit single-mode emission with a wide mode-hop free tuning range, being
suitable for gas sensing applications. As a part of the continuation of this work, a signifi-
cant effort has been put into extending the VCSEL emission wavelength further, especially
beyond 3 µm. Results and analysis of devices designed for this very long wavelength will
be presented in this thesis as well.

This thesis is organized as follows:

� Chapter 1 introduces the challenges and critical issues for the research and devel-
opment in GaSb-based VCSELs. The progress on mid-infrared VCSELs research
worldwide will also be described briefly.

� Chapter 2 describes the theory and fundamentals of VCSELs.

� Chapter 3 presents the GaSb-based VCSEL issues relating to optical, electrical
and thermal design. The discussion starts by describing the active region design,
cavity design and top and bottom Bragg mirror design. The electrical and optical
characteristics of BTJ in devices under study is also described in detail. In addition,
the electrical design and optimization of several device components is explained.

� Chapter 4 discusses the fabrication process of top-emitting GaSb-based VCSELs.
The special attention is paid to the fabrication process involved in VCSELs with
upside-down concept.

� Chapter 5 reports the analysis of VCSEL materials using several characterization
procedures on the way towards the realization of GaSb-based BTJ VCSELs.

� Chapter 6 illustrates results and the corresponding discussion of EP VCSELs at
2.6 µm. CW light output-current-voltage (L-I-V) and light-current relationships
vs. temperature (L-I-T) for these devices are presented in addition to threshold and
thermal analysis. This chapter examines the analysis and performance of non-working
devices designed for VCSELs with an emission wavelength of 3.4 µm.
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� Chapter 7 is devoted to a discussion for several suggestions of future work that may
improve the device performance. Also the future directions of this research along
with device improvements expected to make further progress in GaSb-based VCSELs
are discussed here.
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1 Challenges and Development of GaSb-VCSELs

This chapter will describe the challenges or difficulties associated with producing high-
performance Sb-based lasers, in particular, VCSELs. This will be followed by the discussion
of dramatic recent technical progress of mid-IR VCSELs/V(External)CSELs emitting at
wavelengths above 2 µm after the challenges have been overcome to a large extent. Also
a short description on TDLAS-based gas detection principles will be provided in the last
section.

1.1 Critical Issues

Ongoing research efforts to realize semiconductor lasers in the wavelength range above 2µm
have become a great concern at present. The principal goal is to achieve room tempera-
ture, CW operating single-mode semiconductor lasers. The realization of application-suited
VCSELs in this wavelength regime utilizing antimonide material system could be one of
the most sophisticated ways towards fulfilling the goal. However, one approaches several
obstacles and difficulties in performing this task which are addressed below:

� Availability of high quality and low-cost native substrates is one of the most important
requirements to bring significant improvements in the ongoing research of antimonide
devices. But GaSb-substrate is still much more expensive than native substrates used
in the matured wavelength range (850 nm ≤ λ ≤ 2 µm), e.g.GaAs and InP which
makes the research on GaSb-based devices very expensive.

� Many GaSb devices would greatly benefit from the availability of a semi-insulating
substrate. For instance, in order to have an accurate knowledge on the doping con-
centration and mobility data of GaSb-based epilayers by Hall measurement, semi-
insulating substrate is required. Due to lack of this type of substrate, such charac-
terization of epilayers cannot be performed which influences in the VCSEL design
as well as its performance analysis. One could think of growing GaSb-based epilay-
ers on semi-insulating GaAs substrate to know these material data. However, the
lattice mismatch (8%) and chemical incompatibility between GaSb and GaAs could
influence the mobility and carrier concentration.

� Epi-ready GaSb substrates are highly desirable for growth. But native oxides on
epi-ready GaSb substrates becomes a threat for the epitaxial growth of high quality.
Recent studies using in-situ reflectance and ex-situ atomic force microscopy (AFM),
combined with analysis of the chemistry and kinetics of native oxides in GaSb, have
shown that thermal desorption of native oxides can lead to surface roughening [13].
This necessitates a surface treatment for substrates prior to growth.

� MBE growth of antimonides is more challenging than arsenides due to the fact that
most epilayers involves mixed group V elements, i.e. As and Sb need to be used at
the same time, e.g. InAsSb, AlAsSb, GaInAsSb which results in a non-reproducible
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growth [14]. In other words, a small change in the group V flux ratios can lead to a
large change in composition in the growing layers. Therefore, a time consuming and
complex calibration for the group V incorporation factor has to be done in advance
to get a stable and reproducible growth.

� One of the most crucial problems in GaSb material system is the presence of a large
miscibility gap in the active region materials made of Ga(1−x)InxAsySb(1−y) alloys [15].
This becomes increasingly less stable as x approaches 0.5, limiting the variations in
the compositions that can be realized.

� Unlike GaAs- and InP-based systems, very few reliable and secured material data
of antimonide system is available in the literature. This really affects in designing
complicated devices like VCSELs. For instance, wavelength dependent refractive
index and absorption data are of great importance for a successful VCSEL device
design which are still not well-known.

� Not only in epitaxial growth difficulties but also technological immaturity in anti-
monide material system have impeded to produce the significant improvement es-
pecially on the manufacturing process of devices. For instance, only few recipes of
selective wet and dry chemical etching used in device processing are known.

� One of the primary challenges in antimonide laser development is the non-radiative
Shockley-Read (SR) and Auger recombination mechanisms due to the involvement
of materials with small bandgap, though S-R lifetimes in antimonide laser materials
typically fall in the 1-200 ns range [16]. Experimental determinations of the Auger
coefficient on bulk antimonides show that this increase is of exponential type with
decreasing bandgap energy. Experimentally it has also been proven that the increase
of the threshold current density with increasing emission wavelength in antimonide
lasers can be attributed to the Auger recombination [17].

� In addition to non-radiative recombination processes mentioned above, a second fun-
damental issue limiting the antimonide laser performance is a rapid increase of the
internal absorption loss. At present this probably represents the greatest obstacle
to realize lasers operating in high temperature emitting beyond 3µm[18]. In fact,
most losses may be associated with free-carrier absorption (FCA) which is nothing
but exciting an free electron in the conduction band or free holes in the valence band.

� Another limiting factor on the way towards the realization of high quality antimonide
lasers is that the oxidation rate of GaSb is exponentially fast [19]. Precautions must
be taken to limit the formation of the native oxides during the surface preparation,
for instance, while forming a low resistive ohmic contact on this material system, it is
very important to etch the oxides chemically at first and then the contact surface is
treated so that negligible surface oxide subsequently forms prior to loading into the
metalization chamber.

In spite of the numerous challenges discussed in the previous section, problems have been
circumvented through extensive efforts and improvements in alternate possibilities. Finally,
GaSb-based VCSELs have been successfully realized with a reasonable device performance.
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1.2 Progress of GaSb-V(E)CSELs Research

An overview of the results for GaSb-based surface-emitting lasers using GaSb substrates
already achieved by the scientific community is presented in Tab. 1.1. In most cases, optical
pumping is adopted which significantly increases the complexity and the cost of the overall
system due to the use of a pump laser as mentioned earlier.

Institute
Pump

mechanisms
Laser type Wavelength

Output
power

Fraunhofer IAF,
Freiburg

optically
external outcoupling

mirror
1.9-2.8 µm

120mW
(CWatRT)
@ 2.8 µm

Univ. Montpellier 2 optically
VCSEL with dielectric
outcoupling mirror

2.0-2.7 µm
(multimode)

35mW
(CW at
81K)

Univ. Montpellier 2 electrically
VCSEL without
current aperture

2.2-2.63 µm
(multimode)

not known

NavalResearchLab
and

HughesResearchLab
optically

VCSEL with dielectric
DBR

2.9 µm
> 2W

(pulsed at
240K)

Tech.Univ.München electrically
VCSEL with current

aperture
2.3-2.63 µm
(single-mode)

< 0.8mW
(CWatRT)

TampereUniv. Tech.
and

Tech.Univ.München
electrically

VECSEL with current
aperture

2.34 µm
(multimode)

1.5mW
(pulsed at
288K)

Tab.1.1: Overview of the GaSb-based surface-emitting lasers on GaSb substrate realized
up to now.

A growing interest in semiconductor lasers emitting in the MIR wavelength regime has put
antimonide lasers in the spotlight within the last decade. Meanwhile, CW-operating GaSb-
based edge-emitters between 2 µm and 3.6 µm at RT have already been realized [20, 21].
Such lasers are often used in gas sensing systems when a high output power is required, for
example, for open path systems or remote gas detection. Modern TDLAS-based gas sensing
systems sometimes are equipped with distributed feedback (DFB) lasers which can be an
alternative light source to VCSELs. Antimonide DFB lasers with emission wavelengths
between 2 µm and 2.8 µm were successfully fabricated using the technology of lateral Bragg
grating incorporated in the laser structure [22, 23]. Recently the emission wavelength of
such type of lasers has been extended to 3.4 µm utilizing type-I quantum well epitaxial
material with an active region constituted of a GaInAsSb/AlGaInAsSb [24]. The whole
scenario of accessing the very long wavelength range by realizing different semiconductor
lasers is depicted in Fig. 1.1.

The Research group at the Fraunhofer Institute (IAF), Freiburg, Germany, has focused
on optically-pumped (OP) VECSELs which combine the wavelength versatility and effi-
ciency of diode lasers with the capability of emitting high output power in a circular, nearly
diffraction-limited beam. These are advantageous features of many potential applications,
e.g. gas sensing, communications, and materials processing. This research group has already

7



1. Challenges and Development of GaSb-VCSELs

3.4

Wavelength (µm)

100 nm

10 Hz
15 100 THz 10 THz

Infrared
Ultraviolet

100 µm1 µm 10 µm

Light

3 3.82 2.2 2.4 2.6 2.8 3.2 3.6

VECSEL

VCSEL

Edge-emitter

DFB

Fig.1.1: Optical spectrum and zoomed-in portion of the mid-infrared wavelength regime,
illustrating the access of the wavelength range worldwide by different type of con-
ventional semiconductor laser on GaSb substrate based on interband recombina-
tion of electron and hole.

developed OP-VECSELs based on the (AlGaIn)(AsSb) material system for the wavelength
range between 2.0 and 2.8 µm[25]. Recently, this group has demonstrated devices emitting
at 2.8 µm with a CW output power of up to 120mW at a submount temperature of 20◦C,
while under pulsed excitation, more than 500mW peak output power were obtained. These
results for a 2.8µm emitting device show the potential for optically-pumped VECSELs to
be significantly expanded toward 3µm and beyond, while still obtaining acceptable device
performance at room temperature.

Research collaborators from Tampere, Finland and WSI, Munich, Germany, have published
results on electrically-pumped GaSb-VECSELs with a curved output coupler emitting at
2.34µm[26]. Devices utilized BTJ as current aperture. The peak output power of such
devices was limited to about 1.5 mW in pulsed operation at 15◦C mount temperature.
The power could be limited by thermal effects and it is likely that better results would be
obtained by using more advanced thermal management techniques, such as diamond heat
spreader element or flip-chip processing.

The University of Montpellier 2 Team fabricated several OP-VECSELs with dielectric
Bragg mirror as an external optical cavity to demonstrate a CW single-mode emission
operating between 2.3 µm and 2.7 µm[17]. For instance, devices at 2.3 µm exhibit CW
single frequency operation above RT with an output power of more than 5mW. The max-
imum temperature of operation was 350K. In terms of output power, beam quality and
laser linewidth, devices were well-adapted to spectroscopic applications.

Also EP, mesa-constricted VCSELs emitting between 2.2 µm and 2.63µm were realized by
the University of Montpellier 2 Team. The whole structure of these devices was grown
monolithically in one run without any current aperture by MBE. RT and CW operation
of such lasers emitting near 2.3 µm with a maximum temperature of operation 294K was
achieved [27]. A CW threshold current density as low as 1.1 kA/cm2 was obtained at 284K

8



1.3 Gas Sensing: Principles and Operation

for 60 µm diameter devices (20µm diameter emitting area). The emission wavelength was
extended to 2.63 µm which is the longest wavelength ever reported for any EP-VCSELs [28].
A quasi-CW (1µs, 5%) operation was obtained at room temperature for 35µm diameter
devices with threshold current of 85mA. But such devices without any current aperture
exhibit multimode operation. Thus devices lose its usability in gas sensing applications
since lasers with single-mode emission are required in gas sensing applications by tunable
diode laser absorption spectroscopy (TDLAS) [29].

With a joint collaboration of Naval Research Laboratory, USA and Hughes Research Lab-
oratory, USA the fabrication and operation of a VCSEL structure emitting in the 2-3µm
wavelength regime was reported. It was also the first work realized on a GaSb-substrate
with Sb-based type-II active region. The primary results are on OP-VCSELs consisting
of a semiconductor bottom mirror, ‘W’ quantum-well active region and dielectric top mir-
ror emitting at 2.9 µm which operates up to 280K in pulse mode [30]. Later these groups
published results using the same structure operating in the CW regime up to 160K and
exhibiting multimode emission [31].

EP and CW-operating GaSb-based single-mode VCSELs emitting at 2.3-2.6 µm[32, 33]
have also been demonstrated recently. The devices incorporate an epitaxial distributed
Bragg reflector (DBR) as bottom mirror, grown on GaSb-substrate, a quantum well active
region with quaternary GaInAsSb and a dielectric DBR as top mirror. For electrical and
optical confinement, a buried tunnel junction is used. Devices exhibits CW emission with
threshold currents of only several milliamperes. The lasers emit longitudinally as well
as transversely in the single fundamental mode and are tunable over several nanometers.
Therefore, they are very well suited for gas sensing applications by TDLAS and proven to
be application-suited [12].

1.3 Gas Sensing: Principles and Operation

Nowadays most photonic sensors are developed utilizing TDLAS concept which is a tech-
nique for measuring the concentration of certain gas species using tunable diode lasers. The
key advantage of TDLAS-based sensors is their long term stability and low cross sensitivity
to other gas species. Apart from this obvious advantage, some other important benefits,
such as high selectivity due to the small linewidth of the laser source, rapid response time
and high sensitivity can be obtained from this powerful technique. Another important
advantage offered by this technique is the possibility of developing a calibration-free-sensor
which supersedes most traditional measurement techniques in gas analysis.

A gas molecule can be identified by its characteristic absorption spectra since each of the
gas species has its unique spectral fingerprint. When the emission wavelength of a tunable
diode laser is tuned across a characteristic absorption line of the absorbing medium or when
the frequency (or wavelength) of the emitted light matches the rotational or vibrational
frequency of the molecule, the signal intensity measured by the photodiode will decrease
according to the Lambert-Beer law [34]:

I ′

I0
= e−

∫ L
0 α(λ,T,P,c) dL (1.1)

9
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where I ′ is the measured light intensity at the photodiode, I0 the emitted light intensity of

I0

I´
Spherical
mirror

laser

detector

L

2

Fig.1.2: A schematic of a basic TDLAS setup.

a light source, L (cm) the path length, and α(λ, T, P, c) (cm−1) the absorption coefficient
(depending on wavelength, temperature, pressure and concentration) of the absorbing gas.
The absorption coefficient is a path-integrated value that will give an average measurement
across the path length. Fig. 1.2 displays a basic TDLAS setup consisting of a tunable diode
laser source with controllers for tuning, beam shaping optics, a gaseous absorbing region
and a photodiode for detection. Light is focused on the detector using a spherical mirror
which also extends the path length to L, where the distance between the laser and the
spherical mirror is L/2.

Common experimental gas sensing methods in TDLAS involve the use of modulation spec-
troscopy which can take two forms: wavelength modulation spectroscopy (WMS) [35, 36]
and frequency modulation spectroscopy (FMS) [37]. The underlying principles for these
two methods are the same. But there is a basic difference between these two methods.
In WMS, the modulation frequency is smaller than the half of the absorption linewidth
(and certainly the laser linewidth) whereas in FMS, the modulation frequency is larger. In
general, the signal corresponding to the output wavelength of the laser is modulated at a
high frequency, while the DC component is tuned across the wavelength of interest. The
signal received by the detector is then processed by a lock-in amplifier which simultaneously
retrieves the first (1f) and second (2f) harmonics of the absorption profile by referencing
the modulation frequency and its second multiple. WMS method has the advantages of
efficient noise suppression, i.e. insusceptible to 1/f noise and removal of the laser amplitude
modulation in the measured data. In addition to these advantages, WMS has several other
benefits which make it desirable over direct absorption spectroscopy due to the low spectral
background.

In most practical cases, TDLAS based sensor using such modulation techniques need a
diode laser able to exhibit single-mode emission with a wide tuning range and preferably
electrically-pumped operating in the CW mode and at room temperature (RT). Low-cost
devices with low power consumption are also advantageous. Meeting well all these above-
mentioned requirements, GaSb-based VCSELs at 2.3 µm using WMS have been utilized for
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developing a sensor to detect carbon monoxide (CO) and methane (CH4) gases simultane-
ously in ppm range [12].
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2 Fundamentals of VCSELs

Vertical-cavity surface-emitting lasers (VCSELs) are the youngest members of semiconduc-
tor laser diode family. Many superior characteristics of VCSEL diodes result directly from
the device structure. Discussion in this chapter aims to give a brief theoretical overview of
the VCSEL fundamentals and theory as well as its inherent properties. Several parameters
relating to device operation, design and characteristics will be introduced here which will
be frequently used in the subsequent chapters.

2.1 Device Structure

A schematic cross-section of the GaSb-based VCSEL is illustrated in Fig. 2.1. Utilizing
a twofold epitaxial growth process, the VCSEL structure was grown with a Varian Mod
Gen II-MBE system equipped with solid sources and valved cracker cells for Arsenic and
Antimony. The first epitaxial run starts with the growth of a bottom n-doped distributed
Bragg reflector (DBR). Then, the active region is deposited consisting of quantum wells
separated by barriers. The first epitaxial growth is finished by the heavily doped tunnel
junction layers which define the active area of the device after structuring by conventional
UV lithography and subsequent etching. Then, an n-doped current spreading layer and a
highly doped contact layer are deposited in the second epitaxial run. The top dielectric
DBR mirror is deposited as a last step of device manufacturing.

n

n

p
active region

dielectric mirror

Ti/Pt/Au contact

contact layer
current flow
SiO passivation2

n-GaSb substrate

BTJ

epitaxial mirror

Ti/Pt/Au contact

light

DBTJ

n

Fig.2.1: Schematic cross-sectional view of a buried tunnel junction (BTJ) top-emitting
vertical-cavity surface-emitting laser. The direction of current flow is shown.
DBTJ is the device aperture diameter defined by the BTJ.
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2. Fundamentals of VCSELs

2.2 Device Operation

The onset of the laser operation is best described by the oscillation condition, requiring that
the optical field reproduces itself exactly in amplitude and phase after one cavity round
trip. The general laser equation requiring optical gain g and constructive feedback in a
resonator made of two mirrors with amplitude reflection coefficients r1 and r2 separated by
length L is given as

r1r2e
−2jβL = 1 (2.1)

where β is the complex propagation constant of the active material defined by

β =
2π

λ
nC + j

(
gm − αi

2

)
(2.2)

where λ is the vacuum wavelength, nC the average refractive index of the cavity, (gm − αi)
the net mode gain which can be denoted by gnet and αi the internal loss which includes all
losses, e.g. optical absorption, diffraction etc.

Considering the imaginary part of the oscillation condition and taking into account the
periodicity of the exponential function with respect to imaginary arguments gives the phase
condition

mλ = 2nCL (2.3)

where m is a positive integer. In devices under study, m = 6, i.e. the inner cavity is 3λ
thick.
Taking the real part of Eqn. 2.1 into consideration, the amplitude condition can be written
as

gnet = αm (2.4)

where αm is the mirror loss which can be defined from Eqn. 2.1 and using L = Leff and Roc

= |r1|2 and Rb = |r2|2 for VCSEL

αm =
1

2Leff

ln

(
1

RocRb

)
(2.5)

with Leff as the effective cavity length (introduced in Sect. 2.3) and Rb and Roc as power
reflectivities for the VCSEL bottom and top/outcoupling mirror, respectively.
Using gnet = gm – αi, Eqn. 2.4 becomes

gm = αi + αm = αtot (2.6)

where gm is the mode gain needed to compensate the total loss in the laser resonator which
can be expressed by the confinement factor Γ (introduced in Sect. 2.4) and the active region
gain ga. Therefore,

gm = Γga (2.7)

2.3 Bragg Mirrors

By utilizing distributed Bragg reflectors (DBRs), the required VCSEL mirror with a high
reflectivity can be realized. Since the VCSEL gain section in the longitudinal direction is
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very short compared to edge-emitters, VCSEL needs DBRs with a reflectivity of more than
99% in order to compensate the internal and mirror loss. A Bragg mirror pair consists
of at least two layers with two different refractive indices. Each layer is optically quarter
wave thick. By repeating the layer sequence, constructive interference is achieved, which
increase the total reflectivity of the structure.

The DBR is mainly characterized by the maximum attainable reflectivity, the phase and
the stopband width. The total maximum reflectivity R of a Bragg stack composed of M
pairs is given by [38]

R =


1− ns

na

(
nl

nh

)2M

1 +
n2
l

na ns

(
nl

nh

)2M


2

(2.8)

with refractive indices na and ns of surrounding and substrate materials, respectively, and
nh and nl of high and low index Bragg mirror materials, respectively.

An analytic expression for the spectral width of the high reflectivity stopband can be
deduced as [38]

∆λDBR =
4

π
λ0 arcsin

(
nh − nl

nh + nl

)
(2.9)

It is clear that the stopband width is proportional to the refractive index difference nh - nl

which is termed as mirror contrast ∆n.

The VCSEL resonator is formed by joining two DBRs together, where the distance L
basically determines the resonance wavelength. Due to the distributed reflectivities, the
optical standing wave penetrates into the mirrors, necessitating the definition of an effective
cavity length Leff as [39]

Leff = L+ Leff,oc + Leff,b (2.10)

being the sum of the inner resonator L and the penetration depths Leff,oc and Leff,b of
the standing wave pattern into the top and bottom mirrors, respectively. The penetration
depth can be calculated by [40]

Leff,oc/b =
λ

4∆n
tanh

(
M

2

[
nh

nl

− nl

nh

])
(2.11)

2.4 Longitudinal Confinement Factor

The confinement factor expresses the overlap between the gain regions and the electric field
standing wave pattern within the cavity. For a three-dimensional structure, the confinement
factor can be defined as [41]

Γ = Γx Γy Γz (2.12)

where Γx and Γy are lateral confinement factors in x and y directions, respectively. Due to a
large lateral dimension, Γx = Γy ≈ 1. Unlike edge-emitting lasers, longitudinal confinement
factor Γz is a critical design parameter in VCSELs. Considering the overlap of the standing
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2. Fundamentals of VCSELs

wave pattern of the electric field with the active region, the longitudinal confinement factor
can be defined as [41]

Γz =

∫
dQW

|E(z)|2dz∫
Leff

|E(z)|2dz
=

NQWLQW

Leff

Γr (2.13)

where |E(z)| is the amplitude of the longitudinal standing wave field, dQW the total thick-
ness of the active layers with the odd number of quantum wells NQW having the thickness
LQW each and Leff the total cavity length, including the penetration depths into the DBRs.
At this point, it is necessary to introduce relative confinement factor or gain enhancement
factor Γr introduced in Eqn. 2.13 which is nothing but a longitudinal confinement factor
with respect to the simple geometrical filling factor Γf [41]

Γr =
Γz

Γf

=
Γz(

NQWLQW

Leff

) (2.14)

For all further analysis, the material gain coefficient g of the QWs has to be modified to
Γrg. In other words, the threshold gain in the laser resonator can be reduced by a factor
of Γr by increasing the material gain with a factor of Γr.
Considering an active region made of a number of QWs NQW with equal gain at each QW,
located at positions zil ≤ z ≤ zih, the relative confinement factor of the active region can
be calculated as [39]

Γact
r = 1 +

λ

4πnC

NQW∑
i=1

sin

(
4πnCzih

λ

)
− sin

(
4πnCzil

λ

)
NQWLQW

(2.15)

where nC is the longitudinally field weighted average refractive index of the resonator which
can be computed by [42]

nC =

√√√√√
∫ ∞

−∞
n2(z)|E(z)|2dz

|E(z)|2
(2.16)

2.5 Lateral Confinement Factor

Transverse modes of circular-shaped VCSELs can be approximated by linearly polarized
(LPlp) modes [43]. The indices l and p are the azimuthal and radial transverse mode num-
bers, respectively. In a perfectly circular device, the sine and cosine solutions are degenerate
and thus the two intensity distributions can arbitrarily be superimposed. Fig. 2.2 shows the
intensity distributions of the five lowest transverse LPlp modes in a VCSEL with a certain
core diameter. In the following discussion, only these five LP modes will be considered
for a multimode device though several other higher order modes will appear in the device
simultaneously.

The effective gain experienced by a mode can be understood by the lateral confinement
factor Γlateral. With increasing active diameter, the mode overlap with the central region

16



2.5 Lateral Confinement Factor

LP01 LP (sin)11
LP (cos)11

LP (cos)21

LP (sin)21

LP02
LP (cos)31LP (sin)31

Fig.2.2: 2D Intensity distribution of the five lowest LP-transverse modes in a VCSEL.
Both cos and sin solutions of individual modes are displayed

of a cavity increases and hence Γlateral does. When no selection mechanism is applied to
select a certain transverse mode, the fundamental mode has the highest value of Γlateral.
This parameter is determined by the fraction of the total optical power propagating in the
region with BTJ [44]

Γlateral =
PC

PC + PCl

=

∫ DBTJ
2

0

|E(r)|2rdr∫ ∞

0

|E(r)|2rdr
(2.17)

with |E(r)| as the electric field strength in the transverse direction, PC and PCl as the
powers in the central region and peripheral region of the resonator, respectively. Fig. 2.3
illustrates Γlateral as a function of active diameter in a BTJ VCSEL at 2.3 µm for the five
lowest transverse modes.
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Fig.2.3: Dependence of the lateral confinement factor Γlateral on the BTJ diameter for
VCSELs at 2.3 µm for the five lowest LP modes.
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2.6 Threshold Gain

Despite much shorter gain length in a VCSEL compared to edge-emitting laser (EEL),
three following major effects play roles in VCSELs which contribute to make the threshold
gain comparable with EEL:

1. Increased Γlateral

2. High reflectivity in the mirror

3. Gain enhancement factor due to standing wave

The increased Γlateral is due to the unique VCSEL geometry. The optical mode overlaps
the gain region over a large portion of the waveguide in the lateral direction, rather than
just a small fraction as in EEL. The non-transmissive DBR usually has a reflectivity of
over 99.5% as already mentioned in Sect. 2.3. Finally, the standing wave effect in the active
region is taken into account by Γr which allows to almost double the available amount of
optical amplification.

2.7 Longitudinal Modes in VCSELs

One of the unique features of VCSELs is their inherent single longitudinal mode emission.
This is just due to the short resonator length which is in the range of a few microns. Such
behavior can be well understood by the longitudinal-mode spacing between the emission
wavelength λ0 and the adjacent mode. Mathematically this mode spacing ∆λl can be
estimated as

∆λl ≈
λ2
0

2LeffnC

(2.18)

where nC can be calculated by Eqn. 2.16.
For instance, with Leff ≈ 3 µm and nC ≈ 3.6 in 2.3 µm VCSELs, ∆λl amounts to approxi-
mately 245 nm which is larger than the bottom epitaxial mirror stopband width and even
being larger than the spectral gain bandwidth of the QW material. Hence, a single lon-
gitudinal mode is excited in a VCSEL with a short resonator length. Though multiple
longitudinal modes might lase if the cavity is made too long [45] which is not the case in
the present work.

2.8 Transverse Modes in VCSELs

Excitation of multiple transverse modes is a common phenomenon in VCSELs even of its
single longitudinal-mode emission. This is just because of a relatively large optical cavity in
the transverse direction as well as the strong waveguiding in VCSELs. Pure longitudinal and
transverse single-mode emission is highly desirable for most of the potential applications.

� Transverse mode spacing
The transverse mode spacing between fundamental mode and first higher order mode
is an important parameter in VCSELs by which the amount of optical waveguiding can
be estimated and based on that analysis, single fundamental mode operation can be
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optimized [46]. The transverse mode spacing in VCSELs is affected by the aperture
diameter, emission wavelength and the index guiding. Compared to GaAs-based
VCSELs, GaSb-based BTJ VCSELs for a certain aperture diameter possess larger
transverse mode spacing. Therefore, single-mode operation even in large-aperture
GaSb-VCSELs can be easily confirmed from common spectra measurements. The
large mode spacing in these devices is just because of the longer emission wavelength
and the higher index step caused by the BTJ. The mode spacing ∆λt between modes
LPlp and LPl∗p∗ is [47]

∆λt =| λlp − λl∗p∗ | (2.19)

=| 2(p∗ − p) + (l∗ − l) | λ3

2π2w2
0n

2
C

(2.20)

where λ is the emission wavelength and w0 the spot radius which is given by [48]

w0 =
DBTJ

2
√

ln(V )
(2.21)

where V is the normalized frequency parameter introduced in Sect. 2.9. Eqn. 2.21 is
valid for step refractive index profile produced in the cavity with tunnel junction. It
is not surprising that the combinations of l and p representing LP modes resulting in
∆λt = 0 in Eqn. 2.20. It means that those modes (e.g. LP21 and LP02) are frequency
degenerated since they have the identical (2p+ l) values where for any type of mode
profile, (2p+ l) is the mode group number [43]. But in reality, a lack of isotropy
in the material or a geometric asymmetry could introduce a lifting of the frequency
degeneracy in these modes and give a non-zero ∆λt value. According to Eqn. 2.20, the
mode spacing between two adjacent modes is equal and can be written as follows [47]

∆λt = λ01 − λ11 = λ11 − λ21

=
λ3

2π2w2
0n

2
C

=
2λ3 ln(V )

π2D2
BTJn

2
C

=

2λ3 ln

(
πDBTJ

λ

√
n2
C − n2

Cl

)
π2D2

BTJn
2
C

(2.22)

It is seen that the mode spacing is proportional to the emission wavelength and the
index guiding and inversely proportional to the BTJ diameter of the device. Eqn. 2.22
might be used to estimate the effective refractive index difference nC - nCl from the
measured mode spacing and known data of nC, λ and DBTJ of a device.

As expected, the transverse mode spacing ∆λt decreases with increasing the device
aperture diameter as illustrated in Fig. 2.4. It should be noted that ∆λt scales with
inverse device aperture diameter squared, whereas longitudinal mode spacing ∆λl

does with the inverse resonator length.

� Far-fields
When propagating LP01 mode distribution, the spot size wz at a distance z along the
beam from the beam waist for a beam of wavelength λ is given by [49]

w2
z = w2

0

(
1 +

z2

z2R

)
(2.23)
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Fig.2.4: Schematic representation of multimode VCSELs with different size of aperture
diameter and the associated spectra to illustrate the transverse mode spacing.

with the Rayleigh distance zR of the beam in air, for which

zR =
πw2

0

λ
(2.24)

In the far-field approximation, z ≫ zR and using Eqn. 2.24, wz can be written as

wz =
zλ

πw0

(2.25)

This allows us to specify a formula for the full-width at half-maximum (FWHM)
angle

ΘFWHM = 2
√
ln 2 tan−1

(
λ

πw0

)
(2.26)

Replacing w0 by simply DBTJ/2

ΘFWHM ≈ 2
√
ln 2 tan−1

(
2λ

πDBTJ

)
(2.27)

The approximation of Eqn. 2.27 is only valid when DBTJ = DBTJ,eff , where DBTJ,eff is
the effective BTJ aperture diameter. But, usually DBTJ < DBTJ,eff since the lateral
current spreading between the BTJ defined current aperture and the active region as
well as the lateral carrier diffusion in the active region lead to a broadening of the
effectively pumped area in the active region. This will be discussed in Chap. 6
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2.9 Single-Mode Operation

It is known that VCSEL can be approximated as a cylindrical step-index optical fiber.
Knowing the core and cladding refractive indices, it is possible to apply waveguide
analysis to find the mode cutoff. By normalizing the BTJ diameter with respect to the
free space wavelength of operation λ, the mode cutoff is determined by a normalized
frequency parameter V which can be represented by the following relation [43]

V =
πDBTJ

λ

√
n2
C − n2

Cl (2.28)

where V parameter could equally well be referred to as the normalized core diameter.

Now, the phase parameter or the normalized effective refractive index B is intro-
duced to evaluate the single-mode condition. This parameter provides insight into
the actual mode distribution via the effective refractive index neff . In other words,
the effective refractive index seen by each transverse mode can be expressed by the
phase parameter which is defined by [44]

B =
n2
eff − n2

Cl

n2
C − n2

Cl

(2.29)

Therefore, the single-mode condition is simply represented by

V < 2.405 (2.30)

where no optical loss is assumed.

By using this single-mode condition, for instance, 2.3 µm VCSELs withDBTJ≥ 2.3 µm
(shown in Fig. 2.5 by plotting B against BTJ diameter) are supposed to support
multiple transverse modes.

But, experimentally the devices with larger apertures (compared to the values esti-
mated by Eqn. 2.28 and 2.30) emit in a single fundamental mode with a reasonable
side-mode suppression ratio (SMSR) i.e.> 25 dB. Therefore, these devices are ‘single-
mode lasers’ as well. As a matter of fact, single-mode lasers may have a laser cavity
that supports multiple modes but only the fundamental mode lases. The reason be-
hind this is mode-selective loss in the cavity. In other words, the losses for all excited
modes are not same in the cavity of a device, i.e. the loss of higher order modes in
single-mode lasers with multimode cavities is too high for gain to compensate and
thus lasing to occur.

2.10 Laser Parameters

Now the device performance related parameters or the so-called characteristic laser param-
eters will be presented by means of basic equations or required formulas. Most of these
parameters relating to the device steady-state operation are the primary source of infor-
mation on overall device performance.
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Fig.2.5: Dependence of the phase parameter B on the BTJ diameter of VCSELs at 2.3 µm
for the five lowest LP modes.

Generation of output power is the primary concern in a laser. Above threshold, the total
optical power of a VCSEL Popt can be defined by

Popt = ηi
hν

e

αm

αtot

(I − Ith) (2.31)

where ηi is the internal quantum efficiency which tells the fraction of injected carriers that
reach the active region and recombine radiatively.
Next we consider the differential quantum efficiency ηd indicating the fraction of injected
carriers which, converted into photons above laser threshold, appears as light output. In
other words, it measures the differential rate of emitted photons divided by the differential
rate of injected electrons or electron-hole pairs which can be easily determined from the
slope of the laser output characteristics. Differentiating Popt in Eqn. 2.31 with respect to
the applied current, ηd can be calculated by

ηd =
e

hν

dPopt

dI
(2.32)

= ηi
αm

αtot

(2.33)

Eqn. 2.33 can now be written as

1

ηd
=

αi

ηi
· 1

αm

+
1

ηi
(2.34)

with αi as the internal loss of VCSELs. Experimentally αi and ηi can be determined by
plotting inverse ηd against inverse αm. The y-axis intercept defines ηi and with the slope
of the graph, αi can be calculated.

Empirical gain coefficient (g0) of the active region material and transparency current density
Jtr are two important laser parameters for the multi-quantum well (MQW) laser. The QW
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gain and current density can be related by a semi-logarithmic function [50]

gth = g0 ln

(
ηiJth

NQWJtr

)
(2.35)

where gth is the threshold gain to reach at threshold and Jth the threshold current density
of VCSELs.

2.11 Round-Trip Gain and Loss

It is very important to be familiar with round-trip gain or loss used in analyzing VCSELs.
To understand this mechanism, one has to consider the optical traveling wave and standing
wave within the cavity. Considering a traveling wave at first, the light passes through the
gain medium and being amplified. Then the high reflective mirror reflects a significant
of the light power which is amplified again after passing through the gain medium. The
power bounces off the second mirror and hence the process repeats. While the light power
bounces back and forth in the cavity, there are several effects that contribute to its loss of
power including material absorption loss, diffraction loss, transmission through the mirrors,
etc. Lasing takes places when the round trip optical gain equals the losses.

Considering the traveling wave, the gain and loss add exponentially per pass within the
cavity as given by

P ′ = P0 exp(g dQW) = P0 exp(g NQWLQW) (2.36)

P ′′ = P0 exp(−αtLeff,oc − αbLeff,b − αcl(L− dQW)− αadQW) (2.37)

where P ′ or P ′′ is the final power, P0 the initial power, αt the absorption loss in the top
dielectric mirror, αb the absorption loss in the bottom epitaxial mirror, αa the active region
loss and αcl the loss in the cladding material. For simplification, it is logical to make an
approximation for the addition of the gain or loss linearly since the thickness of the gain
medium through which the optical mode passes is very thin. In other words, gdQW, the
single pass gain through a QW region is usually less than 1% which allows to be considered
exp(gdQW) ≈ 1 + gdQW. So, in case of VCSELs, it is correct to use the linear version of the
gain-equals-loss condition instead of the exponential one used in edge-emitters. Therefore,
for threshold, the following simple formula can be used

G′ = L′ + Tb + Toc (2.38)

where G′ is the total round-trip gain and L′ the round-trip loss includes absorption and
diffraction loss in the resonator. Tb and Toc are the transmission losses through bottom
and top outcoupling mirror, respectively. In addition, for further simplification, the internal
cavity loss αi can be introduced by assuming the loss uniformly distributed in all layers
within the cavity. Eqn. 2.38 becomes for round trip gain and loss,

g(2NQWLQW) = αi(2Leff) + Tb + Toc (2.39)

Eqn. 2.39 is still not complete since only the traveling wave is considered into the discussion
so far. However, in case of VCSELs, a standing wave is formed in the cavity and the power
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2. Fundamentals of VCSELs

of the standing wave peak becomes almost doubled. Since the standing wave peak is placed
at the gain medium, the material gain becomes twice as high as in the traveling wave case.
Introducing the standing wave factor, i.e. relative confinement factor in the gain term,
Eqn. 2.39 can be modified to

Γrg(2NQWLQW) = αi(2Leff) + Tb + Toc (2.40)

Again, recall Eqn. 2.7,

gm = αi +
1

2Leff

ln

(
1

RbRoc

)
=⇒ Γzg = αi +

1

2Leff

[
ln

(
1

1− Tb

)
+ ln

(
1

1− Toc

)]
Using Eqn. 2.13 and ln

(
1

1− Tb

)
≈ Tb and ln

(
1

1− Toc

)
≈ Toc, Eqn. 2.40 can be reob-

tained.

a ,a g

Leff,oc

Leff, b

QW region

L

lumped mirror 2

lumped mirror 1

distributed mirror 1

distributed mirror 2

dQW

ab

at

acl

acl P0

P’

Fig.2.6: Simple schematic of VCSEL structure and even more simplified version by replac-
ing the distributed mirror with lumped mirror along with standing wave pattern.

2.12 Relative Intensity Noise

The commonly used figure of merit for VCSEL excess noise is the relative intensity noise
(RIN) which limits the best sensitivity that can be achieved with absorption spectroscopy,
defined as [50]

RIN ≡ ⟨∆P ⟩2

P 2
0

(2.41)

where ⟨∆P ⟩ is the time average of laser optical power fluctuation and P0 is its average
power. The RIN is often described as in decibels, or 10 log10(RIN) and measured in dB/Hz.

∆P =
√

RINdB P0 (2.42)
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2.12 Relative Intensity Noise

The RF-analyzer sees a noise component with electrical power of

Pnoise = I2noise R50Ω =
V 2
noise

R50Ω

(2.43)

where Pnoise is the power of noise observed at the RF-analyzer, R50Ω is the terminal resis-
tance of the RF-analyzer (50Ω). The square of voltage generated by the optical noise can
be expressed in the form

V 2
noise = (∆P .R .G)2 (2.44)

where R is the responsivity of the photodetector (PD), and G the transimpedance gain of
the PD amplifier. This can be rewritten as

V 2
noise = RIN .(P0 .R .G)2 (2.45)

Previously RIN was given in dB units, therefore we write here

V 2
noise = 10

(
RINdB

10

)
(P0 .R .G)2 (2.46)

Now we can write

Pnoise =
10

(
RINdB

10

)
(P0 .R .G)2

R50Ω

(2.47)

and
PnoiseR50Ω

(P0 .R .G)2
= 10

(
RINdB

10

)
(2.48)

From here, an expression for RIN can be obtained as

RINdB = 10 log

(
PnoiseR50Ω

(P0 .R .G)2

)
(2.49)

Since the power levels are expressed in dBm units at the RF-analyzer, it is necessary to
convert to SI-units for the calculations

P = 10

(
PdBm

10

)
× 0.001 (W) (2.50)

Although there have been many studies on the RIN of VCSELs, they are focused on high
frequency regions, driven by high-speed applications such as telecommunication and optical
interconnection. But for VCSELs under study, RIN characteristics in the low frequency
region is relevant to TDLAS-based gas sensing applications using WMS technique where
lasers are subjected to a small sinusoidal modulation of the injection current in addition to
a bias current. In general, VCSEL should have low intensity noise in the frequency regime
of a few kHz which is essential for achieving high sensitivity in TDLAS-based photonic
sensors. Usually VCSELs are operated well above threshold to obtain low RIN.
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3 Design Issues for GaSb-VCSELs

3.1 Optical Design

For a successful Sb-based VCSELs design, one primarily requires a good optical design.
This includes a good quality active region with low carrier leakage and low non-radiative
recombination, an optimum number of QWs employed in the active region, realization of
high reflectivity and low lossy mirror, cavity design with an optimum thickness, round trip
gain and loss estimation and a reduced optical waveguiding for a single-mode operation.
The careful control and then the successful implementation of these issues into the device
will lead to a better device performance.

3.1.1 Active Region Design for 2.6 µm VCSELs

The active layer structure used in Sb-based VCSELs consists of QW active region embedded
in an GaSb cladding. The active region has seven compressively strained 10 nm thick
QWs with lattice-matched 8 nm thick GaSb barriers. The outer parts of the QWs are
surrounded by 30 nm thick undoped GaSb barriers followed by the 60 nm thick doped
AlGaAsSb separate confinement layers. The reason of using separate confinement layer is
to prevent the carrier leakage from the active region. The important parameters of the
active region employed in the presented devices is listed in Tab. 3.1.

QW material In0.43Ga0.57As0.15Sb0.85
Barrier material GaSb

QW thickness 10 nm

Barrier thickness 8 nm

QW compressive-strain (relaxed) 1.5%

Calculated QW bandgap 446 meV≡2780 nm

Conduction band offset∗ ∆EQW
c 212meV

Valence band offset∗ ∆EQW
hh

48meV

Tab.3.1: The parameters of the QW active region.
* indicates that these values are calculated from the first quantized state.

As known theoretically, by increasing the In-content in lattice-matched GaInAsSb up to
around 60% the QW bandgap can be decreased to reach longer wavelengths. In devices
under study, the In-content amounts to 43%. On the other hand, the QW strain can be
controlled by the As-content. In fact, compressive strain is employed in QWs to suppress
the Auger recombination process, which results in increase of the modal gain and reduction
of threshold current density [51]. In addition, higher compressive strain in the active region
increases the valence-band offset results in a good hole confinement [52].

The band diagram of the active region is displayed in Fig. 3.1. Due to a moderately large
band offset in the conduction band, electrons remain very well-confined in QWs and impor-
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Fig.3.1: Band diagram of the active region, consisting of quaternary InGaAsSb embedded
in GaSb barriers, employed in 2.6 µm VCSELs.

tantly all QWs are homogeneously filled with electrons. In contrary, ∆EQW
hh value is just

less than twice of the thermal energy at room temperature (kBT ). Therefore, hole leakage
by thermionic emission could reduce the internal quantum efficiency ηi of the device. And
the valence band offset ∆ESCH

hh at the separate confinement layer Al0.15GaAsSb is approxi-
mately twice as low as kBT . Nevertheless, GaSb has been chosen as a barrier material in
QW active region since GaSb barrier has:

� Lower ∆EQW
c than AlGaAsSb barriers results in homogeneous band filling with carrier

� Sufficient hole confinement

� Promising results from edge emitting lasers with GaSb-barriers (see Chap. 5)

� Lower thermal resistance than AlGaAsSb barriers.

Fig. 3.2 shows a room-temperature photoluminescence (PL) spectrum of the active region
discussed already. The measurement shows a PL peak of 2545 nm with a full-width half-
maximum (FWHM) of 46meV. This is an indication that the active region is of type-
I and that the growth quality is good. The sharper peak and the smaller FWHM are
characteristics of a higher gain active region.

Number of QWs

After choosing the active region material, it becomes necessary to pay attention to deter-
mine the number of QWs. The reduction of gain with increasing temperature presents a
challenge in minimizing number of QWs. Utilizing too few QWs in VCSEL may result
in an insufficient gain to sustain lasing at high temperature. In contrary, too many QWs
will introduce excess optical losses in the cavity when all the wells are not homogeneously
filled with carriers, leading to a poor device performance. In addition, a larger number of
QWs may increase the intraband absorption losses in the cavity. Nevertheless, as a rule
of thumb, the higher number of QWs is better when the material gain is not exactly known.
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Fig.3.2: Room-temperature photoluminescence spectrum of the active region used in
2.6 µm VCSELs.

As a rough estimation, we can calculate the optimum number of QWs, being suitable for
VCSELs. In order to quantify the number, we first present calculations for Γact

r . Such
calculations are displayed in Fig. 3.3 a) by varying the number of QWs. As can be seen
here, too many QWs will reduce the value of Γact

r from 2 to 1.65 for 10 QWs. Obviously, the
reduction of Γact

r for a higher number of QWs will severely limit the advantage of increased
material gain.
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Fig.3.3: a) The relative confinement factor Γact
r as a function of number of quantum wells.

Calculations are based on 10 nm QWs and 8 nm barriers used for 2.6 µm VCSELs
and QWs are centered at an intensity maximum of the standing wave. b) The
dependence of Γact

r on the displacement of QW center position with respect to the
field antinode. Calculations are done for 7 QWs separated by barriers with the
same thicknesses.

Fig. 3.3 b) illustrates the variation of Γact
r with the displacement of QW center position

relative to field antinode for 7 QWs. This case has to be considered as well in GaSb-based
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VCSELs. Since GaSb-VCSELs requires twofold epitaxial growth and the total growth
thickness of the epitaxial layers is approximately 14 µm for e.g. 2.6 µm VCSELs, the growth
thickness inaccuracy comes into play. Furthermore, some inaccuracy on the material re-
fractive indices and the device fabrication itself could misalign the QW center position with
respect to the field antinode. For instance, the misalignment of 40 nm for the active region
with 7 QWs will reduce the value of Γact

r from 1.83 to 1.64 as illustrated in Fig. 3.3 b). Thus
the material average gain is reduced.

Let’s assume, the active region into the field maximum, i.e. Γact
r = 2, threshold gain

gth = 1000 cm−1, total top and bottom mirror loss αm = 0.3% + 0.2% = 0.5%, the ef-
fective cavity length Leff = 3.4 µm, and total internal loss αi = 25 cm−1× 3.4.10−4 cm =
0.85%. Eqn. 2.40 can be used to calculate the optimum number of QWs where round trip
gain/loss is taken into account. Considering each quantum well thickness, LQW = 10nm
yields Nopt

QW is equal to 6. So, for practical purposes, 7 QWs are used in the active region
of 2.6 µm VCSEL structure.

3.1.2 High Reflectivity Mirror Design

One of the key issues in realizing low-threshold VCSELs is the design of mirrors with
high-reflectivity on both sides of the gain region. In fact, the high reflective mirror should
provide a reflectivity greater than 99% in order to keep losses low enough for the devices to
reach threshold. Bragg mirror could be one of the choices in this case. Apart from Bragg
mirror, one could also think of hybrid mirror [53]. Another high reflectivity mirror is high
contrast grating (HCG) mirror where the gratings are made up of a subwavelength grating
structure [54]. Note that, HCG mirror works with the principle of destructive interferences
of modes within the structure. In GaSb-based BTJ VCSELs, only Bragg mirror is utilized
on both sides of the active region so far.

In general, one should consider the following three issues for the mirror material while
realizing a high-reflectivity Bragg mirror:

� refractive index contrast between the mirror materials with low and high refractive
index should be as high as possible

� materials should have low absorption loss at the lasing wavelength

� materials’ thermal conductivity should be as high as possible

These three issues can be fulfilled either by epitaxial or dielectric material.

3.1.2.1 GaSb/AlAsSb Bragg Mirror

Epitaxial mirror is realized with epitaxially-grown semiconductor alloys lattice-matched to
a given substrate. For the (AlGaIn)(AsSb) material system, the index contrast between
lattice-matched AlAs0.08Sb and GaSb is ≈ 0.6 at 2.6 µm which allows to provide a reflec-
tivity of approximately 99.8% with only 24 layer pairs. The required number of layer pairs
should be as low as possible in order to have a low number of defects and reproducible
MBE growth of DBR.
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Since the current will flow through the bottom epitaxial mirror in presented devices, the
mirror materials are n-doped with Te-dopant which limit the maximum achievable reflec-
tivity due to free-carrier absorption in doped layers. Not only optical absorption loss but
also electrical and thermal issues should be considered while doing the epitaxial Bragg
mirror design. Details of all design issues are extensively discussed in [55, 56].

3.1.2.2 a-Si Vs. a-Ge as Dielectric Mirror Material

Dielectric mirrors are key components in a number of optoelectronic devices, e.g. vertical-
cavity surface-emitting lasers (VCSELs), low-threshold edge-emitting lasers, subwavelength
ultrabroadband mirrors and modulators which require very high reflectivity (R > 95%) with
low optical losses. In fact, this type of mirrors, such as, distributed Bragg reflectors (DBRs)
or Bragg mirrors are composed of stacking alternating thin layers of two different dielectric
materials with high and low refractive index.

Among materials with low refractive indices, SiO2 is a good choice since it provides almost
negligible absorption and at the same time it has a refractive index of around 1.45 in the
mid-infrared wavelength regime. Among conceivable materials with high refractive indices,
a-Si and a-Ge are potential ones against SiO2. When a-Si against SiO2 is used in dielectric
mirrors above 2 µm, one can obtain approximately ∆n ∼2.0, since the refractive index of
a-Si is about 3.5 for a photon energy of 0.57 eV. An even higher index contrast, ∆n ∼
2.9 can be achieved by using a-Ge against SiO2 in this wavelength regime, because a-Ge
shows a very high refractive index of approximately 4.4 below 0.6 eV. But when the optical
absorption losses of these materials above 2 µm are considered, then a-Si is proved to be
better. As a matter of fact, a-Ge introduces a larger insertion loss than a-Si that limits its
use in devices based on transmission.

The optical characteristics of e-beam evaporated and non-hydrogenated a-Si and a-Ge are
determined in the mid-infrared (MIR) wavelength regime. Then the comparison between
these two materials for their use as dielectric mirrors is presented here. As a part of the
investigation, these materials are at first evaporated by e-beam on quartz glasses and then
reflection, transmission and photothermal deflection spectroscopy (PDS) measurements
were carried out. Finally, the values of the refractive index and the absorption coeffi-
cient are extracted from these measurement data. Details of this analysis are presented in
Chap. 5.

In order to check the measured absorption and refractive index value in the energy range
of 0.24-0.8 eV, two test structures were prepared by evaporating 3 pairs a-Si/SiO2 and in
another one a-Ge/SiO2 on top of GaSb-substrate. Fig. 3.4 shows the schematic view of
each structure and the corresponding measured and simulated reflection spectra, where
air is the incident medium. The reflection spectra were measured with a Bruker Vertex
70 FTIR spectrometer using extended InGaAs and LN-cooled InSb detectors. Despite of
the strong optical losses of a-Ge but large index contrast of a-Ge/SiO2, the calculated
peak reflectivity of a 3 pair a-Ge/SiO2 at λ = 2.6 µm is 99.2%, which is slightly lower
than a 3 pair a-Si/SiO2 DBR. Two parameters determine the reflectivity of a given mirror;
these are transmission and absorptive losses. Transmission loss is often considered an
more important parameter for the outcoupling mirror rather than reflectivity. When the
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transmission through the mirror is considered at this equal reflectivity with 3 layer pairs, a-
Si concedes 0.5% transmission loss, whereas a-Ge does 0.13%, hinting that a-Ge is governed
by absorption loss which reduces the transmission loss.
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Fig.3.4: Reflectivity spectra of a 3 pair a) a-Si/SiO2-DBR and b) a-Ge/SiO2-DBR de-
signed for maximum reflectivity at 2.6 µm. The simulation (dashed line) fits well
to the measurement (solid line), hinting that the measured n and α values of these
materials are accurate. The deviations close to the maximum are measurement
artifacts and result from the combination of two curves measured with two differ-
ent detectors. Note that test structures used for these measurements are shown
above as well.

Experimentally it has been found out that the value of absorption coefficient α for a-Ge
above 2 µm remains more than one order of magnitude higher than a-Si. For example, at
a wavelength of 2.7 µm, a-Ge exhibits αGe = 380 cm−1 whereas αSi=28 cm−1 in case of
a-Si. Including absorption losses, the reflectivities of a-Si/SiO2 and a-Ge/SiO2 mirrors as
a function of number of layer pairs are calculated as displayed in Fig. 3.5. The number of
layers required by a-Ge/SiO2 mirror to saturate the reflectivity of approximately 99.3% is
only 3. The higher absorption loss of a-Ge limits to increase the reflectivity further. But
a-Ge could be material of interest as a high index material to reach smaller reflectivity
with fewer layer pairs.

Besides the optical properties, when the thermal conductivities of these two materials are
considered, a-Si is proven to be better than a-Ge. The thermal conductivities of a-Si and
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Fig.3.5: Reflectivity of a-Si/SiO2 and a-Ge/SiO2 mirror as a function of number of layer
pairs.

a-Ge are 1.8 and 0.5, respectively. Finally, the pros and cons of each material are tabulated
in Tab. 3.2.

real part,n imag. part,n thermal cond., k

a-Si lower (×) lower (X) higher (X)

a-Ge higher (X) higher (×) lower (×)

Tab.3.2: Comparison between a-Si and a-Ge as dielectric mirror materials for GaSb-based
BTJ VCSELs.

3.1.3 Cavity Design for BTJ VCSELs

Given a finished active region and mirror design, the next task is to adjust the cavity mode
has to the right wavelength and keep it controlled through two epitaxial growth steps. As
known, the cavity mode wavelength should be located at the region of the highest mirror
reflectivity to provide lowest threshold gain. This can be partially fulfilled by the right
inner cavity length of the resonator. One of the important considerations in VCSEL design
is the determination of inner cavity length L which is sandwiched by top and bottom DBR.
Theoretically, nL should be integer multiple of λ/2 to fulfill the resonance condition of the
emission wavelength λ.

Fig. 3.6 a) shows the standing wave pattern of the electric field intensity together with the
refractive index profile of the GaSb-based VCSEL structure. Calculations are done with a
simple 1D transfer matrix method [57]. As trade-offs among optical, electrical and thermal
performance of the device, nL = 3λ has been chosen for devices under study. A detailed
discussion regarding this point is mentioned in [58, 59].

The following important design criteria can be identified in Fig. 3.6 b).

� Maxima of the electric field intensity are placed at both ends of the inner cavity of
length L.
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Fig.3.6: a) Standing wave pattern of the electric field intensity and refractive index profile
in GaSb-based BTJ VCSELs in the longitudinal direction, where the center region
of the structure containing the active region and tunnel junction is zoomed-in
showing the active region and tunnel junction are placed in an antinode and
node of the field, respectively. b) The effective cavity length for a 2.6 µm VCSEL.

� The first layer of the bottom epitaxial and top dielectric mirror in Fig. 3.6 b), as seen
from the inner cavity is of material with a lower refractive index than the adjacent
material, GaSb.

� The effective cavity length of a 2.6µm VCSEL can be calculated to 3.4 µm, where the
field penetration depth in the bottom epitaxial mirror Leff,b = 1 µm and in the top
outcoupling dielectric mirror Leff,oc = 0.4 µm. Note that, since the FCA loss in the
dielectric layers is negligible, the effective cavity length for the interaction between
light and the absorbing medium is ≈ 3 µm.

� The active region is placed in an antinode of the standing wave pattern so that optical
gain in the active layer is efficiently used, while tunnel junction is placed in a node
to minimize the optical FCA loss.

� 400 nm and 1 µm GaSb layer are used in the inner cavity by placing them below the
active region and on top of tunnel junction, respectively. This makes the inner cavity
thicker in GaSb-based BTJ VCSELs. The purpose of using these layers is to dissipate
the heat from the active region while ensuring lateral current spreading in the device.

� These current and heat spreading layers are modulation doped in order to obtain a
reasonably good electrical and optical performance. High doped layers are placed
at the node of the standing wave pattern to minimize the FCA loss as shown in
Fig. 3.6 b).

3.1.4 Gain-Cavity Tuning

The calculated wavelength of the quantum well gain section employed in 2.6 µm VCSELs
has been found at 2780 nm (≈446meV) as already mentioned. But experimentally the PL
peak is found at 2760 nm. Note that such PL test structure was not subjected to any

34



3.1 Optical Design

heat treatment procedure. So, a negligible error of 3 meV is seen between the experiment
and the calculation done in nextnano++ [60]. But InGaAsSb-based active region see the
commonly known blueshift effect [61] which leads to a shift of the PL peak from 2760 nm
to 2545 nm in the PL test sample as shown in Fig. 3.2. Such blueshift appears in the active
region due to the annealing process carried out at 430◦C for two hours.

During the VCSEL fabrication, specially after the tunnel junction structuring, the sample
is exposed to 430◦C as a growth temperature for the epitaxial overgrown layers. Before
the overgrowth, the sample is cleaned by atomic hydrogen (atom-H). The reason of such
cleaning using Atom-H is to remove the contaminations and remaining oxides more effec-
tively. In fact, the cleaning procedure was carried out at a temperature of 80◦C for 30
min. In this step, C-related contaminations and Sb-Oxides are almost completely removed,
building volatile complexes with H-atoms. It was followed by a heating at 400◦C for 30
min to remove the Ga-oxides as well. It should be noted that the high-temperature oxide
desorption step before the overgrowth was not applied in 2.6µm VCSEL sample so that
the known blueshift of the active region can be minimized in the structure.

The PL peak 2545 nm (≈487 meV) is negatively detuned to the cavity dip at 2.6µm (≈476
meV) with a gain-to-cavity mode offset of 55 nm (≈ 9meV). As a common design rule,
in order to have a better matching of the material peak gain with the cavity dip at RT
under laser operating condition, the gain peak should be pre-detuned relative to the cavity
resonance. Apart from these active region heating and blueshift effects, many body effetcs
like the increase of the bandgap due to a well-known Burstein-Moss band-filling effect
and the reduction of the bandgap due to the so-called bandgap narrowing effect by the
coulombic attraction of the carriers play important roles in a VCSEL before threshold [62].
This clearly indicates that optimum gain-mode offset is one of the critical design parameters
in GaSb-based VCSELs.

3.1.5 Tunnel Junction

In GaSb-based VCSELs, buried tunnel junction (BTJ) is one of the most important device
components which offers the possibility to introduce strong lateral waveguiding, i.e. photon
confinement in the device. In order to obtain this benefit, it is necessary to make sure that
the tunnel junction (TJ) is properly designed and successfully implemented in the devices
since several loss mechanisms, for instance, absorption loss and diffraction loss are related
to TJ. Moreover, the strong waveguiding induced by the BTJ will lead to a multimode
operation even in small sized devices. As a part of the optical design for tunnel junction,
the following issues should be considered with high importance:

3.1.5.1 Absorption Loss

In the presented devices, TJ consists of highly doped n+-InAsSb/p+-GaSb layers to achieve
efficient quantum tunneling. However, such high doping (NA = 2x 1019 cm−3 and ND =
2x 1019 cm−3) in these layers may introduce a significant amount of free carrier absorption
(FCA) loss degrading the device performance. So, it is of great importance to minimize
the optical loss, e.g. FCA introduced by these tunnel junction layers. In fact, the tunnel
junction should be integrated into the device in a way that all electrical benefits (discussed
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in Sect. 3.2.2) can be obtained while minimizing the FCA loss as much as possible.

The best way to reduce the FCA loss is to place these layers at the node of the optical
standing wave in the cavity. Thus the overlap between these layers and regions of high
electric field is minimized which results in a reduced FCA loss. Due to the high doping in
these layers, their thicknesses could also be a crtical design issue. In devices under study,
the thicknesses of these layers were 20 nm each which could be reduced further, leading to
an improved device performance by minimizing the optical loss and at the same time the
amount of optical waveguiding (discussed in Sect. 3.1.5.2).

For a tunnel juction, the single pass FCA loss can be calculated by [63]

αBTJ = 2− e−αnLnΓn
r − e−αpLpΓ

p
r (3.1)

where Ln, Lp are the thicknesses and αn , αp are the FCA losses in n- and p- doped layers,
respectively and Γn,p

r is the relative confinement factor of n- and p-doped layers in the
tunnel junction. It is clear that Γn,p

r and L should be reduced in order to minimize the
single pass FCA loss in these high doped layers. As shown in Fig. 3.7, the interface of n-
InAsSb/p-GaSb layers is exactly placed at the node of the optical standing wave in order to
minimize Γn,p

r which can be calculated using Eqn. 2.15 with NQW =1 and LQW =Ln or Lp .
But it has been found that the placement of the n-InAsSb/p-GaSb interface at the node of
the optical standing wave is not an optimum design because of the unequal losses in these
two layers. For instance, the optimum placement of the tunnel junction layers should be
shifted 7 nm toward the n-InAsSb layer due to the higher losses within this layer compared
to p-GaSb for the design of 2.3 µm VCSELs [58].
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Fig.3.7: Electric field intensity and refractive index profile in BTJ VCSELs, showing the
placement of the tunnel junction at the node of the optical standing wave.

It should be noted that the very long emission wavelength facilitates the optical design in
terms of the minimization of the FCA losses in tunnel junction layers. This is particularly
due to the lateral extension of the optical standing wave in the cavity. For instance, while
extending the VCSEL emission wavelength from 2.6µm to 3.3µm, the FCA losses will be
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higher at 3.3 µm VCSELs since α ∝ λ2. But considering Γr, the situation reverses since
Γr ∝ λ−3. Ultimately, the combined effect will improve the situation, i.e. the FCA loss
will decrease despite of the higher losses at a longer wavelength. In other words, the longer
wavelength makes the optical design easier to place the highly absorbing tunnel junction
layers in a minimum of the electrical field.

3.1.5.2 Waveguiding

Despite of the inherent single longitudinal mode behavior, lasing of higher order transverse
modes is a common phenomenon in VCSELs with even relatively small active diameters.
In oxide-apertured index-guided GaAs-based VCSELs, single-mode emission is observed
only in very small devices of typically less than 4 µm diameter [64]. In long-wavelength
InP-based BTJ VCSELs with molecular beam epitaxy (MBE) regrowth, this transverse
single-mode operation has been found for devices with diameter of 6 µm[54], even though
the index guiding of the device is stronger than in GaAs-based VCSEL structures. This is
mainly due to the fact that the maximum transverse device dimensions approximately scale
with the wavelength. So, very long wavelength VCSELs above 2µm will get this benefit
even more.

An theoretical analysis of transverse mode characteristics for index-guided GaSb-VCSELs
will be presented in this section. This index-guiding is obtained by an effective refractive
index step due to the presence of a buried tunnel junction (BTJ) concept. As a matter
of fact, achieving a single transverse mode operation from GaSb-based BTJ VCSELs with
even a small aperture diameter is a challenging task due to the presence of a strong index
guiding behavior. Here we have experimentally presented how the index guiding can be
reduced in the device and such reduction lead to an improvement in terms of a transverse
single mode operation from large-area devices.

� Transverse index guiding in BTJ VCSELs
The index-guiding in BTJ VCSELs mainly arises from a longer cavity in the central
region with a tunnel junction aperture rather than in the perimeter. Consequently, a
radial index step ∆neff due to the step height (as shown in Fig. 3.8 by a dashed red-
colored circle) is formed in the tunnel junction region. Note that the step from the
tunnel junction propagates through the entire structure which is clearly seen after the
regrowth in MBE. Thus, the step at the interface of the top epitaxially-grown GaSb
layer and the e-beam evaporated dielectric DBR and also on top of the dielectric
DBR is formed in the device structure as shown in Fig. 3.8.

The index-guiding properties can be investigated by using a simple effective index
model developed by Hadley [65]. In fact, the laser resonator can be described similar
to a step index glass fiber by using the effective indices in the central part, nC and in
the outer part, nCl = nC – ∆neff . A theoretical formula relating this induced built-
in refractive index step to a shift of the resonator wavelength ∆λ can be described
by [65]

∆neff

nC

=
∆λ

λC

=
λC − λCl

λC

(3.2)
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Fig.3.8: Schematic cross-sectional view of the GaSb-based VCSEL structure with BTJ.
The current path is shown.

where λC and λCl are the resonance wavelengths in the area with tunnel junction
and the area without tunnel junction of the VCSEL, respectively. These resonance
wavelengths can be evaluated by means of the one dimensional (1D) transfer ma-
trix method [57] and the effective refractive index in the tunnel junction region can
be approximated by computing the longitudinally field weighted average refractive
index [42]

nC =

√∫
n2(z)|E(z)|2 dz

|E(z)|2
(3.3)

where |E(z)| is the amplitude of the longitudinal standing wave field, n(z) is the re-
fractive index of each epitaxial layer in the longitudinal direction and the integration
is performed from the substrate to the outer boundary of dielectric DBR.
The magnified view of the dotted red-circle in Fig. 3.8 is displayed in Fig. 3.9 where
one can see that the step height is not only due to the n+-InAsSb layer itself, but
also grading layer and n-GaSb layer.
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region with current flow in GaSb-based BTJ VCSELs. b) The index guiding,
caused by the step of the BTJ, is illustrated here. Cavity model with step refractive
index profile n(r).
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� Amount of index guiding
The lateral definition of the BTJ is accomplished by etching off the upper n+-InAsSb,
grading and a thin n-GaSb layer and covering the whole structure by an n-GaSb layer
in a second epitaxial run. Finally, the total step height in BTJ VCSELs is in the range
of 50-70 nm, where the contributions of the above-mentioned n+-InAsSb, grading and
thin n-GaSb layer to the total step height is 20 nm, 10-20 nm and 20-30 nm, respec-
tively. In fact, this step height referring to the physical length difference between
etched and non-etched part is rather high since grading and top n-GaSb layer must
be included along with tunnel junction layer. It is obvious that the higher the etch
depth in the tunnel junction region, i.e. the higher the step height, the higher the
index guiding in the device. Fig. 3.10 shows the degree of the index guiding against
the etch depth of the tunnel junction, where neff is calculated by Eqn. 3.2 and 3.3.
Note that, throughout the entire discussion of this study, the effective refractive index
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Fig.3.10: The change of the effective refractive index ∆neff as a function of the etch depth
of the tunnel junction.

step ∆neff caused by the BTJ has been assumed to be the prime reason for index-
guiding in the device. For the devices presented here, we find constant wavelength
spacing between transverse modes independent of driving current hinting that ther-
mal guiding caused by local heating (the refractive index increases with increasing
temperature) can be neglected [66]. Antiguiding caused by carrier gradients (high
carrier concentrations decrease the refractive index) is also not considered to be a
strong effect since the waveguiding property of a strong index-guided VCSEL is not
significantly affected by temporal changes in the carrier density [67]. It should also
be mentioned that the presented single-mode VCSELs operate in single-mode over
the entire operating range.

� VCSEL Design with regard to index guiding
In this section, the design of 2.3 and 2.6µm VCSELs with two different degrees of
index-guiding is briefly described. In 2.3 µm VCSELs, the relative change of the ef-
fective indices calculates to ∆neff/nC ≈ 2.4%, whereas, in 2.6 µm VCSELs, this value
amounts to ∆neff/nC ≈ 1.7%, indicating a strong index guiding. This will lead to
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multimode behavior even for small aperture diameters.

For 2.3 µm VCSELs, the higher effective index step is due to the use of thick grading
layers in the cavity. The thinner grading layer was used in 2.6µm VCSELs which re-
sults in a reduced step height. Fig. 3.11 illustrates the band diagram of both VCSELs
only at the tunnel junction region, specifically, in the region of the dashed red-colored
circle of Fig. 3.8. It should be noted that the tunnel junction is located at the node of
the standing wave pattern in BTJ VCSELs in order to reduce the optical absorption
loss which also helps in obtaining a reduced index-guiding in the device. The main

-20 0 20 40 60 80
Position (nm)

n
+

g
ra

d
in

g

p
+

n n

step height

55 nm

growth direction

-20 0 20 40 60 80

-1.5

-1.0

-0.5

0.0

0.5

E
C

E
F

E
v

E
n
e
rg

y
(e

V
)

Position (nm)

nn
+

p
+

n n n

g
ra

d
in

g

step height

72 nm

growth direction

grading

n-GaSb

n-GaSb

n
+

InAsSb

72 nm

p
+

GaSb

grading

n-GaSb

n-GaSb

n
+

InAsSb

55 nm

p
+

GaSb

(b)(a)

Fig.3.11: Band diagram of tunnel junction regions in BTJ VCSELs for the emission wave-
length of (a) 2.3 µm and (b) 2.6 µm . Both band diagrams have been calculated
with SimWindows 1.5.0 [68] using the material parameters from [69].

reason for using grading layers in the cavity is to reduce electrical resistivity at the
InAsSb/GaSb heterointerface. Importantly, the electrical performance in terms of
series resistance of a 10 nm and 20 nm thick grading layer was found to be identical.
But the use of such a 20 nm thick grading layer in the BTJ results in an increased
index-guiding which has been observed in 2.3 µm VCSELs. Thus a thinner grading
layer was introduced in 2.6µm VCSELs in order to obtain a reduced index-guiding.
The same reasoning also holds for the thickness of n-GaSb layer.

3.1.5.3 Diffraction Loss

In most VCSELs, the cavity propagation loss is mainly due to the outcoupling through
Bragg mirrors and optical absorption in the semiconductor material. In addition to these
two loss types, there is the diffraction loss, which is the excess loss caused by the fact that
light does not propagate only in the longitudinal direction. Like all beams of light, the
cavity field has a tendency to spread, i.e. to propagate also in the radial direction, which
causes a radial leakage of radiation along the entire length of the cavity. For most VCSELs,
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this leakage, i.e. the diffraction loss is small, since the typical VCSEL cavity is short in the
longitudinal direction and relatively wide in the lateral direction. Thus, for most VCSELs
the diffraction loss can be neglected. However, because of the BTJ and the resulting change
in the topology of all layers above it, the intracavity field in the GaSb-based BTJ VCSEL
experiences a strongly varying refractive index also in the lateral direction. This lateral
disturbance results in an enhanced spreading of the light, thus considerably increasing the
diffraction loss [70].

A direct measurement of the diffraction loss is very difficult. On the other hand, since
diffraction is caused by the spatially varying real part of the refractive index, without be-
ing much influenced by e.g. the QW gain or material absorption, it can be estimated with
fair accuracy by numerical simulation, provided that the numerical model of the compli-
cated VCSEL structure does not overwhelm the computer resources. Therefore, Gustavsson
et al. [70] implemented a numerical method for calculating the intracavity field, and the
radial field leakage, that is efficient in terms of computer memory. It is a hybrid method
using a 3D transfer matrix method (TMM) [71] for the VCSEL structure beneath the BTJ,
where there is no lateral variation in the refractive index, and a beam propagation method
(BPM) [72] for the BTJ and the structure above it.

In fact, such loss mechanism in the device can be minimized by reducing the step height
induced by the BTJ. This has already been proven by devices under study where the step
height has been reduced from 72 nm to 52 nm by decreasing the grading layer and cap
GaSb layer thickness whose outcome will be discussed in Chap. 6. However, this reduced
step height still results in an significant amount of loss which deteriorates the device per-
formance. Further reduction of the step height thickness by decreasing the grading layer
and the cap layer thickness seems to be challenging. Since such configuration will affect the
device electrical properties. Besides, MBE regrowth also does not help out in planarizing
the surface so that in the top DBR there would be a very little change of the refractive
index in the radial direction. For instance, the index guiding in InP-based BTJ VCSELs
caused by the step of the BTJ is influenced by the regrowth technique. Here this step is
smoothed out by the MOVPE regrowth utilizing its planarization properties. The physics
behind this planarization mechanism in MOVPE regrowth is the higher migration length
of the deposited atoms resulting from a high growth temperature.

In order to reduce the diffraction loss, tunnel junction step can be smoothed out a bit on top
of the device structure. Such modification can be brought at the interface of the overgrown
GaSb layer and the top DBR which has been marked by a red-dotted ellipse as displayed
in Fig. 3.12. This can be realized by a selective etching of approximately 30-35 nm GaSb
layer after the overgrowth when the BTJ pillar height is of 50-55 nm. This might result
in a reduced diffraction loss in our devices since now the top deposited dielectric mirror
obtains a less abrupt change of the refractive index in the radial direction. This has already
been confirmed by the numerical simulation done at Chalmers Univ. Tech., Sweden. Note
that the complete removal of the BTJ pillar will yield a gain-guided device since a lower
effective index appears (due to a low refractive index of InAsSb) at the center compared
to the outer part of the device.
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Fig.3.12: a) Schematic of the top part of the standard GaSb-based VCSEL structure, b)
modified structure with a reduced tunnel junction step height.

3.1.5.4 Transverse Mode Control

� Waveguiding Ring
A transverse single-mode operation from large-area devices is always beneficial since
they promise low differential series and thermal resistance, long lifetime due to low
current densities and high output power at small divergence angles. In order to
enhance the single-mode output power by suppressing higher order modes, an annular
structure made of a-Si around the BTJ can be formed as shown in Fig. 3.13. The
material has to be deposited around the BTJ in a way so that the flat refractive index
can be obtained. Such structure can be named as waveguiding ring. The key concept
is to broaden the optical field by utilizing such ring structure while maintaining the
same lateral current confinement by BTJ. This broadened optical field will favor
the fundamental mode which experiences a higher gain compared to the higher order
modes. In other words, the gain difference between the fundamental and higher order
mode will be higher which also helps in improving the single-mode output power.
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Fig.3.13: GaSb-based BTJ VCSEL a) without waveguiding ring, b) with ring structure of
width w, buried in the top dielectric DBR. The fundamental mode intensity and
the effective refractive index profile induced by the BTJ.

Note that the ring shaped structure should have a certain thickness in order to achieve
the desired waveguiding. If a-Si is used to form such structure, then the thickness
of the evaporated material should be somewhat larger than the thickness that cor-
responds to the same optical thickness of the BTJ. This will lead to a flat effective
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refractive index in the resonator.

� Inverted Surface Relief
The so-called inverted surface relief (ISR) technique [73] can be applied to the devices
in order to select only the single fundamental mode and suppress higher order modes.
In this method, an annular deposition of additional quarter-wave thick antiphase a-Si
layer on top of the dielectric Bragg mirror will lower the reflectivity for higher order
modes. The resulting differences in threshold gain then strongly favor the fundamen-
tal mode. Compared to other mode filtering methods, the ISR technique involves a
minor modification to the VCSEL processing since it offers a relatively less fabrication
complexity with respect to the requirement of less precise deposited layer thickness.
Such circular ring-shaped relief, intended for fundamental mode operation, was pre-
cisely defined using a standard photolithography and an extra λ/4 thick e-beam-
evaporated a-Si was selectively added to the top dielectric mirror to provide an anti-
phase reflection from the semiconductor-air interface as displayed in Fig. 3.14. Thus
the modal threshold gain of the device was spatially changed by selective deposition
of this anti-reflection coating.

l/4 thick a-Si DISR

n-GaSb

p+

Dielectric DBR

n+

n-GaSbn+ n+

active region

DBTJ

Fig.3.14: Schematic cross-sectional view of the GaSb-based VCSEL structure with in-
verted surface relief in the top mirror.

The optimum diameter of the surface relief, DISR should be in the range of 60%-80%
of the diameter of the BTJ, DBTJ. Using an electro-thermal optical model, we have
also simulated the modally-resolved output power versus current characteristics for
the VCSEL with and without a surface relief for single fundamental mode control.
The results show that the relatively large diffraction loss in these devices (particularly
for higher order modes) gives rise to strong fundamental mode selection, indicating
that a surface relief is redundant in this aspect for devices with a BTJ diameter
smaller than 8 µm. However, the results show that the surface relief can be used to
efficiently boost the maximum output power [74].

3.2 Electrical Design

In this section, electrical design issues for GaSb-based BTJ VCSELs will be discussed which
is of significant importance for superior device performance. A large portion of the work
in this dissertation focuses on the optimization of the electrical properties in the device.
This specially includes the realization of a low resistive metal semiconductor ohmic p-side
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contact, low resistive tunnel junction, efficient current confinement and good lateral current
spreading. The characteristics of these several device components will be discussed now.

3.2.1 Top p-side Ohmic Contact on n-InAsSb

For the successful operation of such devices, high quality metal-semiconductor ohmic con-
tacts with low specific contact resistivities (ρc) are important. But, the GaSb material
system inherently has several problems which make the formation of ohmic contacts diffi-
cult. For instance, this material system is very reactive to the atmospheric oxygen or water
which promotes the rapid formation of native oxides on the surface [75]. Besides, partic-
ularly in n-type GaSb, the problems of Fermi level pinning in the GaSb valence band [76]
(which is, in fact, beneficial for ohmic contacts to p-type GaSb) and the low doping limit
(2.5× 1018 cm3) for the commonly used Te dopant [77] impede to obtain high-quality ohmic
contacts.

To date, the lowest value reported for contact resistances of unannealed ohmic contacts on
n-GaSb is of the order of 10−4 Ωcm2 or even higher. Few groups, for instance, Vogt et
al. [78], Yang et al. [79] and Robinson et al. [80] formed ohmic contacts on n-GaSb with low
contact resistances on the order of 10−6 Ωcm2, but they applied high temperature (300◦C-
400◦C) annealing steps on their alloy contacts. However, high temperature annealing may
cause dopant diffusion and even it might affect the active regions [81]. Therefore, this work
considers a low bandgap highly doped material to develop a low-resistive unannealed ohmic
contact.

As a contact layer, n-type InAs0.91Sb, a low bandgap material (Eg = 0.296 eV) and lattice-
matched to GaSb (Eg = 0.72 eV) can be used. The use of this additional contact layer
where the ohmic contacts will be formed on overcomes the above-mentioned problems.
Because, at the surface of this material, the Fermi level is pinned near the conduction
band [82] and it can be highly doped up to 1× 1020 cm3 by using Te as a dopant [81]. In
fact, high doping is necessary for the ohmic contacts in order to make the depletion region
at the metal-semiconductor interface thin enough to enable carrier tunneling [83]. This is
displayed in Fig. 3.15 a) by the band diagram of the metal, the highly n-doped contact layer
and the buffer layer underneath. The band structure was calculated using SimWindows
(version 1.5.0) [68].

Lauer et al. [84] demonstrated Ti/Pt/Au based contacts on the same contact layer using
sputter etching in Ar+ plasma. They found the resistivities as low as 5.1× 10−6Ωcm2,
but this method involved the ion-induced damage of the contact layer surface during the
longer sputter etching process. Obviously, one has to be extremely careful in this method
in order to minimize this surface damage by properly controlling the parameters like self-
bias DC voltage, applied high voltage, flow of Ar gases, sputter etching time which can
make the contact surface oxide free and smooth prior to metal deposition. Small changes of
these optimized parameters may lead to a bad ohmic contact. Moreover, a low resistance,
2.4× 10−8 Ωcm2 unannealed ohmic contact on n-type InAs0.66Sb has been developed by
Champlain et al. [85] which is highly strained to GaSb.

An unannealed ohmic contact with low contact resistivity using a highly Te-doped n+-
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Fig.3.15: a) Band diagram of metal/n+-InAsSb/n-GaSb. The dashed line indicates the
Fermi level. The Schottky barrier at the metal-semiconductor interface is very
thin which enhances the tunneling mechanism, b) Schematic cross-section of
circular contact test devices. The diameter of the device is denoted by Dpc.

InAsSb contact layer lattice-matched to GaSb will be mentioned here. This configuration
is suitable for GaSb-based devices, such as VCSELs for wavelengths above 2µm which
have been demonstrated recently [27, 32, 33]. The surface preparation procedure based on
a significantly simplified wet chemical treatment prior to metalization is also reported here.

The test samples used in this study consist of Te-doped n-GaSb substrate with doping
concentration and resistivity of 1× 1018 cm−3 and 0.0024Ω cm, respectively, followed by a
500 nm thick Te-doped ( 3× 1018 cm−3) n-GaSb buffer layer and finally a 50 nm thick also
Te-doped (1× 1020 cm−3) n+ − InAs0.91Sb contact layer. All the layers were grown by con-
ventional solid-source molecular beam epitaxy (MBE) where As2 and Sb2 were generated
by valved cracker cells. For Te doping, Ga2Te2 was used.

After the growth, circular mesas with 5 µm - 28 µm diameter were defined using standard
UV lithography and subsequent citric acid-based etching by which the topmost InAsSb con-
tact layer and a few nanometers of the GaSb buffer layer were removed. Then the mesas
were covered with 150 nm of sputtered SiO2 as a passivation layer. This layer was removed
from the top of the mesas by a lift-off process to form circular contact openings. Before the
metalization step, sulfur-based surface preparation procedure was applied since it is known
that highly reactive Sb-based materials, such as our topmost contact layer, n-InAsSb, get
oxidized very quickly in the atmosphere. Taking this into account, a conventional wet
chemical etching step e.g. 18.5% HCl dipping for 30 s was employed to remove the surface
oxides and then for preventing the further formation of oxides, the samples were rinsed
with aqueous (NH4)2S solution (with pH = 9.5) at room temperature. Afterwards the
samples were blown dry with N2 and promptly loaded into the electron beam metalization
chamber. At a base pressure of 10−6 mbar and under the control of a thickness monitor,
Ti/Pt/Au were sequentially evaporated. This surface preparation method fits quite well
with the investigation done by Robinson et al. [80] where they formed In-bearing ohmic
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contacts on n-GaSb.

The evaporated metal thicknesses for the top and backside contacts were 3/40/250 nm and
20/40/100 nm (Ti/Pt/Au) respectively. After the metal deposition, the contact pads were
structured by metalization lift-off process. The final test structure is shown schematically in
Fig. 3.15 b) where the diameter of the point contact is denoted by Dpc. The current-voltage-
current density (I-V-J) characteristics of the point contacts with different diameters were
measured in a four-point probe measurement system. The contact resistivities (ρc) were
then deduced by the experimental method described in [86] where the current spreading
under the mesa has been included. To investigate the effect of annealing on the contact
resistance, several samples were additionally annealed at 350◦C for 90 s in a rapid thermal
annealing (RTA) furnace under flows of 4 slm of N2 and 1 slm of H2.

In order to see the influence of the sulfidation on the contact resistance, one sample was
processed by only conventional HCl dipping without any sulfide treatment. As shown
in Fig. 3.16, these test structures exhibit non-linear I-V characteristics with high contact
resistivities of 1.2× 10−4 Ωcm2. In contrast, all the test devices processed by HCl dip
followed by the sulfide dip exhibit good ohmic behavior as shown in Fig. 3.16, solid curve.
Measured devices exhibit such ohmic behavior over a very high current density range of
±70 kA/cm2 which is an adequate value for the operation of GaSb based VCSELs above the
threshold current. In this way, the contact yielded a minimum specific contact resistance
value of 5.6× 10−6Ωcm2 without any annealing.
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Fig.3.16: I-V-J characteristics of the point contacts without annealing.

This striking difference might be due to a residual oxide layer at the metal semiconductor
surface of the conventional HCl-dipped sample [75]. On the other hand, it is expected that
by the sulfide passivation process, the dangling bonds at the contact surface are terminated
in the form of S-In, S-As and S-Sb [87], which leads to a reduced ohmic contact since it
allows the intimate contact between the metal and semiconductor.

Another pronounced feature which needs to be addressed is the annealing effect on the
contact resistance. According to our investigation, annealing has a strong influence on the
backside n-contact and results in lowering the contact resistivity. However, the current
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spreads out in the 500 µm thick substrate and therefore the influence of the bottom contact
of the test structure is negligible.

To obtain the optimum surface passivation time, one quarter GaSb wafer was splitted into
six pieces where all the processing steps up to the metalization lithography were into the
alkali 3.5% (NH4)2S (pH = 9.5) at room temperature by varying the passivation time. The
results are illustrated in Fig. 3.17 a) showing that the contact resistivity decreases with time
up to 40 s and then rises again. The increase of contact resistance with time can be due to
the thicker sulfide layer formed during the passivation which prohibits the intimate contact
between metal and semiconductor. On the other hand, samples with very low passivation
time, e.g. 4, 20 and 30 s, also shows higher contact resistance. As a possible reason, the
reaction time between semiconductor surface and sulfide solution to replace the oxygen
atoms by sulfur atoms at the semiconductor surface might not be sufficient making the
surface sensitive to further oxidation by ambient air. In contrast to these findings, Robin-
son et al. [80] found a good ohmic contact to n-GaSb using a very short sulfide passivation
time, i.e. 5 s.

In addition, the effect of the concentration of the (NH4)2S solution on the contact resistance
were investigated as displayed in Fig. 3.17 b) showing that the contact resistance increases
with the concentration above 3% (NH4)2S. Apparently, the thick sulfide layer formed fol-
lowing passivation is not favorable when an ohmic contact is desired. Probably, the thick
sulfide layer gets formed at the metal-semiconductor surface with the higher concentration
causing the higher contact resistance. This is also in good agreement with the result of
Robinson et al. [75]. Thus, by using 2.9% (NH4)2S for 40 s as optimum sulfide treatment
time, minimum contact resistivity values of approximately 5.6× 10−6Ωcm2 were found
without any annealing and it improves to 3.7× 10−6Ωcm2 after annealing at 350 ◦C for
90 s.
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Fig.3.17: a) Contact resistivities with varying sulfide treatment time at constant 3.5%
(NH4)2S. b) Contact resistivities with varying sulfide concentrations at constant
sulfide passivation time of 40 s.

Note that there was no observable etching of the contact layer (InAsSb) while dipping in
(NH4)2S solution according to the result of Suyatin et al. [88]. However, it is observed that
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(NH4)2S-based solutions etch n- and p-GaSb at a steady rate [89]. Also, the sensitivity
of the contact resistance on the Ti thickness was investigated. It has been found that
the contact resistance decreases with decreasing Ti thickness. Therefore, only 3 nm of Ti
was evaporated at the topside in order to ensure the good adhesion to the semiconductor
surface. The reason for using Pt is to prevent the Au diffusion into the semiconductor.
Its thickness does not have any influence on contact resistances but it ensures long-term
thermal stability. The Au thickness also does not have any influence on contact resistances.
250 nm at the topside assures low mechanical damage on the contact pad while contacting
with the probes.

The long-term stability of the contacts was also examined. The contact samples were
left at ambient conditions for more than a year during which no reduction of the contact
resistivities has been noticed.
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Fig.3.18: The contact resisitivites of the Ti/Pt/Au contact on n+-InAsSb for various
annealing times.

Finally, the thermal stability of the contacts was checked by annealing the sample in N2

ambient at 350 ◦C for several hours. These contacts were thermally stable with no dete-
rioration of the contact resistances observed with increasing annealing time as shown in
Fig. 3.18. However, for annealing temperatures higher than 400 ◦C, the degradation of the
surface morphology at the backside became visible, because our backside contacts had to be
formed on n-GaSb which is affected at this high temperature. In addition, the degradation
of the contact resistance started to appear at an annealing temperature of 450 ◦C possi-
bly due to Sb outdiffusion from the GaSb substrate. Additionally, also Au diffusion into
the semiconductor takes place at such a high temperature in spite of the Pt diffusion barrier.

In summary, the fabrication of high quality ohmic contacts to n-GaSb using a lattice-
matched n+-InAsSb contact layer were investigated. A simple surface preparation method
using sulfidation prior to metallization has been developed and suitable for the operation
of GaSb-VCSELs.
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3.2.2 Low-Resistive Tunnel Junction

The buried tunnel junction (BTJ) has been proven to be the most successful concept uti-
lized in long-wavelength VCSELs. Due to the lack of a reliable oxidation technologies in
InP- and GaSb-based material system, one has to consider an alternative technique by
which current can be confined at the center of the device. In this aspect, BTJ concept
is the best technology that can be used for the realization of intra-device ohmic contacts
with an extremely low resistivity which ensures an effective lateral current confinement
and optical confinement in the device. At the same time, it allows the substitution of the
p-type layers by n-type ones on top of the BTJ to obtain low electrical resistance, and, as
a consequence, reduced heat generation in the devices.
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Fig.3.19: a) Schematic cross-sectional view of the test structure used for the determina-
tion of the tunnel junction resistivity, b) Measured tunnel junction resistivities
for different mesa diameters where the J-V characteristics of different mesa
diameters is shown as inset. The total resistivity ρtot = V/J , consisting of
contribution from contact, tunnel junction and substrate resistance, can be cal-
culated from here.

As mentioned before, the tunnel junction in our devices uses highly doped n+-InAsSb/p+-
GaSb layer. Both layers are doped with amphoteric dopant Si. Such configuration benifits
from a type-II broken-gap alignment which inherently introduces the degeneracy for TJ
operation even with a low doping in these layers. In addition, the low effective masses of
GaSb and InAsSb favor the carrier tunneling process.

In order to deduce the tunnel junction resistivity present in our devices, a test structure as
schematically shown in Fig. 3.19 a) are processed on top of p-GaSb substrate so that finally
the top p-side contact can be formed on n-InAsSb. The tunnel junction resistivity has
been calculated to be as low as 1.5× 10−6 Ωcm2 based on different point contact diameters
ranging from 6 µm to 15 µm. Fig. 3.19 b) displays the measured J-V characteristics for
the current density range of ±20 kA/cm2 where the point contact diameter dependent sub-
strate current crowding can be clearly seen. This is due to the fact that substrate spreading
resistance Rsub ∝ 1/Dpc, whereas, both tunnel junction and top contact resistance Rtj and
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Rc ∝ 1/D2
pc.

The tunnel junction resistivity ρtj is extracted by

ρtj = π

(
Dpc

2

)2(
Rtot −Rc −

ρsub
2Dpc

)
(3.4)

where ρsub is the p-GaSb substrate resistivity which is 0.0038Ωcm and Rtot is the total
resistance measured experimentally,

Rtot = Rc +Rtj +
ρsub
2Dpc

(3.5)

It is not possible to separate these resistance values except substrate resistance from the
measured total resistance by the method in [86]. Therefore, the contact resistance was
determined individually from another test sample as shown in Fig. 3.15. All these resistance
values contributing to the total measured resistance are tabulated in Tab. 3.3 in order to
extract the tunnel junction resistivity ρtj.

Description Dpc ( µm ) 6 7 8 10 12 15

Total resistance Rtot (Ω) 29 19.7 15.6 11.3 9 6.7

Contact resistance Rc (Ω) 18 13 11.2 8 6.1 4.7

Substrate resistance Rsub (Ω) 3 2.6 2.2 1.8 1.5 1.2

TJ resistance Rtj (Ω) 8 4.1 2.15 1.5 1.4 0.8

TJ resisitivity (avg.) ρtj (× 10−6 Ωcm2) 1.5± 0.4

Tab.3.3: The extraction of tunnel junction resistivity from the experimental measurement
utilizing the method in [86]

Importantly, the grading layers are used at the interface of n+-InAsSb and p+-GaSb.
This graded junction is introduced between the n+-InAsSb and the top n-GaSb layers
for better electrical conductivity and ohmic characteristics. These grading layers are made
of (GaxIn1−x)(AsySb1−y) with a homogeneously increasing Ga-content and decreasing In-
amount. Details of the design and growth issues are described in [55, 58]. The influence of
the grading layer in such structure can be understood from Fig. 3.20 where it is shown that
the I-V characteristics becomes completely non-linear without the grading layer. This could
be attributed to the presence of high potential barrier at InAsSb/GaSb heterointerface. In
contrast, the test structure with grading layer shows low-resistance ohmic characteristics at
nominal VCSEL operating current densities (10-20 kA/cm2) as shown in inset of Fig. 3.19 b).

Therefore, such low-resistive ohmic tunnel junction with a grading layer can be implemented
in VCSELs as an intracavity contact to obtain all electrical benefits.

3.2.3 Current Confinement

After the realization of low resistive top p-side contact and tunnel junction, it is of paramount
importance for VCSELs to have an efficient current confinement by the tunnel junction it-
self. The efficiency of the current confinement can be expressed by dividing the current
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Fig.3.20: Measured J-V characteristics of the tunnel juncture test structures with and
without grading layer at InAsSb/GaSb heterointerface.

densities in the center and the outer part of the structure, the so-called blocking ratio. So,
the higher the blocking ratio, the better the current confinement in the device.
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Fig.3.21: Schematic cross-sectional view of the test structure used for the determination
of the current confinement efficiency in VCSELs. Both a) conducting and b)
blocking test structures were grown in single growth step.

The current confinement efficiency was investigated with simplified non-lasing structures
with active region but without Bragg mirror as illustrated in Fig. 3.21. Such structures
were realized in a single growth step in order to determine the maximum achievable block-
ing ratio. These structures can be referred to as conducting and blocking ones. In the
conducting structure, the presence of both tunnel junction layers n+-InAsSb and p+-GaSb
make a structure conducting, whereas the absence of n+-InAsSb layer make it blocking
as shown in Fig. 3.21 a) and b), respectively. Note that, the blocking performance in such
structure is influenced by the doping concentration of the n-GaSb layer, which is right be-
low the n+-InAsSb contact layer. Because the doping concentration controls the depletion
region width in n-p+ reverse biased junction when the device is forward biased, therefore
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the blocking behavior. Note that the lower doping limit for n-GaSb is in the range of
1× 1017 cm−3 due to the background p-doping or antisite defects in GaSb material.

The test structures are formed by etching down through the tunnel junction. The current
confinement is impressively confirmed by the J-V measurement for the current density up
to 20 kA/cm2, as displayed in Fig. 3.22. The curves are taken for two point structures
with Dpc=10 µm which corresponds to DBTJ = 10µm and DBTJ = 0. This means that
these structures represent either a center region with tunnel junction or blocking interface,
respectively. At a VCSEL operating voltage of 1 V, a current density of 20 kA/cm2 is
achieved for the device with DBTJ = 10 µm, only 0.001 kA/cm2 is observed for the struc-
ture with DBTJ = 0. This yields a current density ratio of 20,000 as shown in inset of
Fig. 3.22. Since the VCSEL processing requires twofold epitaxial growth, this value is re-
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Fig.3.22: J-V characteristics of conducting and blocking test structures in order to eval-
uate the current confinement efficiency. The blocking ratio as a function of
applied voltage is shown as inset.

duced due to the oxides or C-related contaminations before the overgrowth. To remove
the contaminations and oxides, wet chemical based cleaning followed by Atomic Hydrogen
Cleaning (AHC) is used prior to overgrowth which reduces the blocking ratio value about
one order of magnitude lower than the reference sample. Nevertheless, it has been found
out that the value of 1,000 is sufficient for lasing operation in GaSb-based VCSELs.

3.2.4 Lateral Current Spreading

Beside the active region diode, top p-side contact, tunnel junction and bottom epitaxial
DBR, the top n-GaSb based lateral current spreading resistance also contribute to the
electrical characteristics of the device. The fundamental equation governing the voltage
drop ∆Vcs due to such resistance is given by [90]

∆Vcs = Jρn

(
DBTJ

2

)2
1

2dcs
ln

(
Dcont

DBTJ

)
(3.6)

where J is the current density with respect to the tunnel junction area, ρn the resistivity of
n-GaSb layer, dcs the thickness of the current spreading layer and Dcont the inner diameter
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of the contact ring as shown in Fig. 3.23. For GaSb-based VCSELs at 2.6µm, using the
thickness of the top n-GaSb current spreading layer, dcs = 1.1 µm and the resistivity of that
corresponding material ρn = 0.0025Ω cm, applying 20 kA/cm2 to the device with DBTJ =
8µm and Dcont = 18 µm, the voltage drop due to the spreading resistance can be calculated
to be approximately 30mV.

n-GaSb

D
BTJ

n-GaSbn+ n+

radial current

spreading

xxxxxxxxxxxxxx

high resistivity
region

Dcont

dcs

Fig.3.23: Current spreading phenomenon in GaSb-based BTJ VCSELs. The lateral cur-
rent flow through the tunnel junction is shown.

3.3 Thermal Design

Thermal modeling is one of the key design issues for devices utilizing the low bandgap
material system, GaSb. Generally the device performance, i.e. optical output power and
threshold current is limited by thermal effects. To gain a deep insight into GaSb-based BTJ
VCSELs, at first the theoretical and systematic thermal analysis using a heat dissipation
model will be presented here. The device thermal parameters, such as internal temperature
distribution, heat flux, and thermal resistance can be extracted out of the model based
on the two-dimensional (2-D) rotationally symmetric, steady-state heat transfer model.
The analysis was done by using COMSOL Multiphysics finite element analysis simulation
software [91]. The thermal conductivity of each layer in GaSb-based BTJ VCSELs are taken
from the literature [92, 93] and summarized in Tab. 3.4 along with brief details and the
thickness of that corresponding layer. In this analysis, the effective thermal conductivities
with anisotropy were used for thin multilayers, e.g. active region. The effective thermal
conductivities in lateral and vertical directions are given by [94]

kl =
d1k1 + d2k2
d1 + d2

, kv =
d1 + d2

d1/k1 + d2/k2
(3.7)

where k1/k2 and d1/d2 are the thermal conductivity and thickness for layer 1/layer 2,
respectively. For the active region and bottom epitaxial Bragg mirror, the effective thermal
conductivity value is used defined by Eqn. 3.7. Here, reduced values are expected that are
caused by phonon mean free path restrictions in thin layers.

As shown in Fig. 3.24 b), a large amount of heat from the active region flow laterally and
vertically downward toward the GaSb substrate through bottom epitaxial DBR and also
laterally toward the top p-side Au-contact. This has been indicated by long white arrows,
showing the heat rapidly spreads out over a wide area in the radial direction. The heat
source is sandwiched by top and bottom GaSb heat spreading layer which also contributes
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Description Material
Thickness

(nm)
k (W/m-k)

Top p-side contact Au 300 317

Passivation layer SiO2 250 1.4

Top dielectric DBR a-Si/SiO2 188/455 1.8/1.4

Top current spreading
layer

GaSb 1120 32 [92]

Bottom current
spreading layer

GaSb 520
32 [92]

Top n-side contact Au 300 315

Bottom epitaxial DBR AlAs0.08Sb/GaSb
200/170 (24

pairs)
19.8 [93]/32 [92]
kl= 20, kv = 14.4

Active region
(QW/Barrier)

In0.43GaAs0.14Sb/GaSb 10/8
4/32 [92], kl =
16, kv = 5

Tab.3.4: Thermal conductivity for different layers in GaSb-based BTJ VCSELs

to dissipate the heat.

The active region diameter, DBTJ + 2rdiff = 5.5 µm+3.4 µm=8.9 µm has been considered
in this simulation by taking the effective pumped area of the device into account, where
rdiff is the carrier diffusion length which has been experimentally measured. This will be
presented in Chap. 6. Since the wallplug efficiency is nearly zero at threshold, all input
electrical power is assumed to be dissipated in the form of heat. Thus, the volumetric heat
source density Q can be experimentally determined by

Q =
Ith·Vac

V
=

Ith·Vac
π
4
· (DBTJ + 2rdiff)2·h

(3.8)

where Vac and Ith are the voltage drop across the active region and threshold current,
respectively, V and h are the volume and thickness of the active region, respectively. The
voltage drop across the active region is obtained by subtracting ohmic drop arising from
the laser series resistance from the measured threshold voltage Vth

Vac = Vth − Ith·Rs (3.9)

where Rs is the series resistance. The measured threshold current, threshold voltage and
series resistance of the device with DBTJ = 5.5 µm are 3.2 mA, 0.62 V, and 33 Ω, respec-
tively. So, Vac can be calculated to ≈ 0.51 V. Thus the total dissipated heat power in the
active region is 1.6 mW. The rest of the power ≈ 0.4 mW is assumed to be dissipated as
joule heating in the other layers whose effect to rise in active region temperature is almost
negligible. Using these values in the simulation, the maximum heating of ∆T = 4 K in the
active region with respect to the heatsink temperature is obtained which corresponds to a
thermal resistance of ≈ 1995 K/W, showing a good agreement with the experimental value
mentioned in Chap. 6.

As displayed in Fig. 3.24 a), most of the heat (80%) generated in the active region flow
downward mainly to the copper heatsink by conduction through the GaSb substrate (45%)

54



3.3 Thermal Design

and epitaxial bottom DBR (35%). The rest of the heat is mainly transferred to the air
by radiation and natural convection through the top p-side Au contact. The top dielectric
DBR hardly conducts any heat due to the low thermal conductivities of dielectric materials.
Since the presented devices with upside-up concept already show good thermal properties,
the upside-down concept would even improve the thermal management in such devices.
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Fig.3.24: a) 2-D GaSb-based top emitting VCSEL structure employing a rotational struc-
tural symmetry along the z-axis used in the simulation. The contribution of
different layers of the device in dissipating the heat is shown in percentage as
well. b) 2-D steady state heat flux and temperature distribution. The black rect-
angle represents the QW region which has been assumed to be the main heat
source in this simulation. The bottom epitaxial Bragg mirror on top of 500 µm
thick GaSb substrate and top dielectric Bragg mirror have been marked with
yellow border lines. White arrows represent the magnitude and the direction of
the heat flow.
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4 GaSb-VCSEL Fabrication

Fabrication processes play crucial roles in realizing high performance devices. Having
already dealt with the device design for GaSb-VCSELs in Chap. 3 now all of the processing
steps involved in the fabrication of such devices will be described in this chapter. This
device fabrication has gone through many iterations of optimization, but ultimately only
the steps finally involved in the fabrication of working devices will be briefly described here.

4.1 Fabrication Techniques

Though all the device results which will be presented in Chap. 6 for the top-emitting struc-
ture, a significant amount of time was spent in optimizing the processing steps for the
realization of bottom-emitting structures within the frame of this work. As already men-
tioned, the bottom emitting devices have a better thermal management. From epitaxial
growth point of view, the bottom-emitting structure is advantageous since devices can be
fabricated with the short cavity concept [95], i.e. the inner cavity is sandwiched by both
top and bottom dielectric DBR. Compared to the top-emitting structure, the 8-10 µm
thick bottom epitaxial DBR will not be needed in this case, making devices less growth
time-consuming. Note that for a top-emitting structure, the MBE growth continues for
14-15 hours in growing such thick epi-DBR.

Furthermore, it is also important to assure a stable, reproducible and uniform growth
platform before the VCSEL growth. This can be done by growing some calibration test
structures. For instance, in-situ reflectance is used to monitor the growth routinely. In
addition, a pre-growth calibration of the material growth rate and determination of in-
corporation factor of group-V elements are performed using several test structures. This
clearly indicates that top-emitting structure involves a lot of effort in advance before grow-
ing a VCSEL structure.

So, the emphasis in this chapter will be given on the processing steps for bottom-emitting
structure which allows us to grow a VCSEL structure without such a tedious set of calibra-
tion runs and the growth of a very thick epi-DBR itself. The drawback of this concept is
that it involves complicated and time-consuming processing steps in realizing the device.

4.1.1 Upside-up Design

As far as the device structure and processing are concerned, GaSb-based BTJ VCSEL pro-
cessing with upside-up configuration is simpler and easier than upside-down technique. In
addition, the processing time is also rather short, i.e. less than 3 weeks. Details of each
processing step involved in VCSEL with upside-up concept can be found in [59]. Nonethe-
less, the process flow in realizing such devices will be briefly mentioned below. All the
fabrication process is illustrated with the sequence in Fig. 4.1 and 4.2.

57



4. GaSb-VCSEL Fabrication

1. Half-VCSEL Structure by MBE Growth
First epitaxial growth for base structure consisting of bottom epitaxial mirror, GaSb
current spreading layer, active region, tunnel junction layers and cap GaSb layer. See
Fig. 4.1 a).

2. 1st Pre-processing Analysis
Before the actual device processing begins, i.e. after the first epitaxial growth it is of
great importance to measure the reflectivity spectrum of the half-VCSEL structure.
A lot of valuable information relating to epitaxial growth, e.g. rough estimation of the
thickness of the bottom epi-DBR as well as the layers contributing to the inner cavity
can be extracted from the spectrum which is taken into account for the following
device processing steps.

3. Tunnel Junction Structuring
Selective wet chemical etching for removing cap GaSb layer and dry chemical etching
for only InAsSb tunnel junction layer. See Fig. 4.1 b).

4. Overgrowth
Second epitaxial growth by MBE after a wet-chemical pre-cleaning step followed by an
in-situ cleaning with atomic Hydrogen under high vacuum condition. See Fig. 4.1 c).

5. 2nd Pre-processing Analysis
Several useful measurements, e.g. photoluminescence, reflectivity and high-resolution
X-ray diffraction (HRXRD) are done after the overgrowth. The photoluminescence
measurement for the active region is done directly on a part of the wafer where
there is no highly doped first tunnel junction layer, InAsSb. That part is also free
from topmost highly doped contact layer, facilitating the PL measurement. Also the
reflectivity measurement is performed on a part of that wafer with tunnel junction
layers but without contact layer. Note that the highly doped absorbing contact layer
is not part of the cavity. Besides, the structural components of the device, such as
the alloy composition and the layer thickness of QWs, DBRs can be known from the
exact fit of a simulated X-ray diffraction pattern to a measured diffraction pattern.

6. Mesa Formation and Passivation by SiO2

Forming the mesa by wet chemical etching for removing top contact layer and dry
chemical etching for GaSb layer and stopping the etching process before the active
region. See Fig. 4.1 d).
Mesa passivation by SiO2. See Fig. 4.1 e).

7. Contact Layer Structuring
Etching of topmost InAsSb contact layer by wet chemical etching. See Fig. 4.2 f).

8. Metal Evaporation for p- and n-side Contact
E-beam evaporation of non-alloyed Ti/Pt/Au contact with a correct thickness. De-
tails of the evaporation technique after the contact surface preparation can be found
in Chap. 3. See Fig. 4.2 g).

9. Evaporation of Top Dielectric Bragg Mirror
E-beam evaporation of 4 pairs of SiO2/a-Si. By adjusting the thickness of the first
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4.1 Fabrication Techniques

dielectric layer contributing to the inner cavity, the epitaxial growth inaccuracy can
be corrected in this step. See Fig. 4.2 h).

Plasma etching

CH4 CH4

H2 N2 H2 N2

a) MBE Half-VCSEL structure

b) Tunnel-junction structuring c) MBE Overgrowth

d) Mesa formation e) Passivation by SiO2

n
+

InAsSb

p
+

GaSb

active region

epitaxial bottom DBR

n-GaSb substrate

contact layer

SiO2

Cl2 Cl2

Fig.4.1: Illustration of the process flow for GaSb-BTJ VCSELs with upside-up configura-
tion
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f) -side contact layer structuringp g) -& -side contactp n

h) T ielectric DBRop d

Ti-Pt-Au contact

SiO / -Si DBR2 a

Fig.4.2: Process flow for VCSELs with upside-up configuration (contd.). White light in-
terferometer photo (bottom right)

4.1.2 Upside-down Design

VCSELs with upside-down configuration are often considered to be a better concept for
an improved thermal management in long-wavelength devices. In InP-based VCSELs, this
has already been confirmed [53]. Recently a so-called new concept short-cavity InP-VCSEL
has been reported [95], that can be utilized in GaSb-based VCSELs too. The pros and cons
of this concept will be as follows:

Pros

� No epitaxial bottom DBR lead to a simple epitaxial structure

� Large fabrication tolerances due to use of top and bottom dielectric DBR with a very
broad stopband
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4.1 Fabrication Techniques

� Better thermal properties due to an efficient heat removal through the bottom inte-
grated Au-heatsink and top metal contact.

Cons

� Complex device structure

� Complex device processing including substrate removal

� Time-consuming processing

Now the process flow of the device with upside-down configuration will be described. GaSb
VCSEL processing with an upside-down configuration involves 10 lithography steps, wet-
chemical and dry-chemical etching, overgrowth with GaSb and InAsSb after structuring of
the tunnel junction, the deposition of dielectric mirrors and metal contacts through e-beam
evaporation. After the galvanic deposition for a thick gold-heatsink as pseudo-substrate,
the GaSb substrate is removed. The device processing is continued at the backside of the
sample.

1. Half-VCSEL Structure by MBE Growth
Compared to VCSEL epi layers for the upside-up concept, the only difference for
upside-down configuration is the missing epi-DBR and insertion of 200 nm thick
lattice-matched InAs0.91Sb0.09 layer which will act as a etch-stop layer in the sub-
strate removal process . The half-VCSEL structure after the first epitaxy step is
displayed in Fig. 4.3. Then the next processing steps, e.g. the tunnel junction struc-
turing, overgrowth step, mesa formation and passivation by SiO2 are exactly the same
as the processing steps mentioned in Sect. 4.1.1. See Fig. 4.3 a).

a) MBE Half-VCSEL structure

n
+

InAsSb

p
+

GaSb

active region

etch stop layer

n-GaSb substrate

Fig.4.3: Schematics of the process flow for GaSb-BTJ VCSELs with upside-down config-
uration, see Fig. 4.1 for process flow no. 2-5

2. 1st Pre-Processing Analysis See Sect. 4.1.1.

3. Tunnel Junction Structuring See Sect. 4.1.1 and Fig. 4.1 b).

4. Overgrowth See Sect. 4.1.1 and Fig. 4.1 c).
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4. GaSb-VCSEL Fabrication

5. 2nd Pre-Processing Analysis See Sect. 4.1.1.

6. Mesa Formation and Passivation by SiO2 See Sect. 4.1.1 and Fig. 4.1 d) and e).

7. Contact Layer Structuring
Etching of topmost InAsSb contact layer by wet chemical etching. See Fig. 4.4 f).

8. Metal Evaporation for p-side Contact
E-beam evaporation of non-alloyed Ti/Pt/Au contact ring for p-side with a correct
thickness. Details can be found in Chap. 3. See Fig. 4.4 g).

9. Evaporation of Hybrid Bottom Mirror
As back mirror, e-beam evaporation 1.5 pairs of SiO2/a-Si + Au to reach sufficient
reflectivity. See Fig. 4.4 h).

10. Alignment Marker for the Backside
For doing the standard photolithography at the backside of the sample after the
substrate removal, some alignment markers are structured by etching through all
semiconductor layers including the etch stop layer by reactive ion etching (RIE) using
chlorine. These structures can be considered as alignment markers which helps in
aligning the structures at the backside of the sample. See Fig. 4.4 i).

11. Pseudo-Substrate - Electroplated Gold
Before the substrate removal procedure, the backside of the sample should be covered
with approximately 50 µm thick gold layer by electroplating which will act as an
integrated heatsink as well as a pseudo-substrate for the mechanical stability of the
sample. See Fig. 4.4 j).

12. Substrate Removal
As a part of the substrate removal procedure, initially the bulk of the 500 µm thick
GaSb substrate should be thinned down to 60-80 µm using a combination of lapping
and mechanical polishing in Brome-Methanol solution. The sample was then care-
fully cleaned in order to make sure that no residue would create non-uniformities
during the next wet chemical thinning. It was necessary to thin down the sample to
60-80µm prior to wet etching because the non-uniformity of the etching can create
the disappearance of the etch stop in some parts of the sample before the substrate
is fully removed. See Fig. 4.4 k).

Then the remaining substrate should be removed by using highly selective CrO3:HF:
H2O-based etching solution to expose the etch stop InAsSb layer. The etching solu-
tions were prepared by mixing 33% CrO3 solution (33 wt%) with 50% HF (50 wt%).
Then this mixture is diluted with water. This can be expressed by the notation
D1:x, i.e. dilution of 1 volume part of mixture solution with x volume parts of water.
By using such solution, bulk GaSb can be etched very selectively against InAsSb.
Fig. 4.5 a) displays the etch rate in µm/min as a function of dilution ratio x where
it is seen that the etch rate decreases with increasing x as expected. The etching
rate of 6 µm/min using dilution ratio x =5 is used during the substrate removal for
a controllable etching.
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f) -side contact layer structuringp g) -side contact ringp

h) Hybrid bottom mirror

k) Substrate removal

Ti-Pt-Au contact

Hybrid mirror

j) Pseudo-substrate – Electro-plated Gold

i) Alignment marker for the backside

Hybrid mirror

Fig.4.4: Process flow for VCSELs with upside-down configuration (contd.)
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4. GaSb-VCSEL Fabrication

During the etching, it must be avoided that the metallized p-side and GaSb-substrate
get exposed to the etchant at the same time which results in an electrochemical
effect [96, 97]. In order to prevent this known effect, the sample with metallized p-
side down is glued to the HF-acid resistant CaF2 carrier using adhesive and chemically
nonreactive beeswax. Beeswax is a material of choice because of its excellent resistant
to acid and its low melting point of just above 60◦C. Care should also be taken in
covering the edge of the sample with beeswax so that metallized p-side does not
appear in the etching solution. Otherwise, a strong lateral etching will be observed
at the edge of the sample.
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Fig.4.5: a) Etch rate of GaSb substrate as a function of dilution ratio (D1:x). Error bars
are used to indicate the range of measured etch depth, b) the schematic of the
setup used for the GaSb substrate removal.

During the etching, very viscous brown-colored reaction products are formed on the
GaSb surface which decreases the etch rate. In order to prevent this effect, the sample
attached to the CaF2 carrier is flipped down and kept at the sample holder as shown
in Fig. 4.5 b). Then the sample with holder is immersed into the etching solution
under continuous stirring by a magnetic stirrer which remove reaction products from
the GaSb surface. This arrangement also helps in getting a constant etch rate. In
addition, fresh etch solution is used after the use of old etchant for 5-6 minutes. During
the substrate removal process, at least 2 fresh solutions should be used for etching of
60-80µm GaSb. Due to a very high selectivity of this etching solution against GaSb,
the etching stops at the etch stop layer InAsSb. Thus a smooth, mirror-like light-blue
colored InAsSb layer can be obtained in this way. The CaF2 carrier can be separated
from the sample by gently heating them in N-Methylpyrrolidone (N-MP) for a couple
of minutes. Due to the residuals of beeswax, a very thorough cleaning is necessary.
This can be done by rinsing the sample in a xylene cleaning solvent and then dipping
in diluted HCl and the subsequently cleaning in deionized (DI) water.
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13. n-side Contact Layer Structuring
Like bottom p-side, n-side metal-semiconductor contact is formed on a highly doped
n+-InAsSb layer which has to be structured in order to reduce the free carrier ab-
sorption losses. In other words, InAsSb layer should be etched away from the light
emitting region defined by the BTJ plus an extension on both sides. Again the etch-
ing of this contact layer is done by using citric acid-based etchant with a reasonable
selectivity against GaSb layer underneath. See Fig. 4.6 l).

It should be noted that, the metal p-side of the sample must not get in touch with
the etching solution while removing the InAsSb contact layer. Otherwise, the etching
rate will increase and the etch selectivity will decrease. In order to avoid this problem,
the p-side of the sample is again glued to a glass carrier with the beeswax. After the
etching, the sample is detached by heating in N-MP and finally cleaned in the xylene
solvent.

14. n-side Contact Ring
E-beam evaporation of non-alloyed Ti/Pt/Au contact ring for n-side after a sulfidation-
based surface treatment. Details can be found in Chap. 3. See Fig. 4.6m).

m) -side contact ringnl) -side contact layer structuringn

Fig.4.6: Process flow for VCSELs with upside-down configuration (contd).

15. Electrical Separation
The single device is electrically separated from the adjacent one by etching through
all semiconductor layers up to before the bottom SiO2 passivation layer. This can be
done by wet chemical etching of InAsSb layer in citric acid-based solution followed
by dry chemical etching of the rest of the semiconductor materials in a RIE reactor
using chlorine. See Fig. 4.7 n).

16. Evaporation of Top Dielectric Bragg Mirror
See Sect. 4.1.1 and Fig. 4.7 o).

This chapter illustrates the manufacturing process of GaSb-based BTJ VCSELs with a pic-
torial representation. The emphasis has been given on the processing for VCSELs with an
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n) Electrical separation o) ielectric DBRTop d

SiO / -Si DBR2 a

Fig.4.7: Process flow for VCSELs with upside-down configuration.

upside-down configuration. But unfortunately, due to various problems in the challenging
fabrication processes mentioned above, the upside-down configuration has not been proved
yet to be a successful concept to fabricate working VCSELs in spite of its some important
benefits. The most critical part of this concept is the substrate removal step which needs to
be removed homogeneously over the whole sample surface with a good selectivity against
the etch stop layer. During the subsequent wet chemical etching after the substrate removal
process, special care should be taken to keep the rest of the cavity layers unaffected. These
need to be investigated in the future thoroughly.
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5 Material Characterization

The active region providing gain is one of the most important parts in VCSELs. Before its
use in VCSELs as a gain medium, often edge-emitting laser diodes are fabricated to evaluate
the active region in a qualitative and quantitative way. The main reason of spending a
reasonable amount of time in studying edge-emitting lasers is that edge-emitters, due to
its simple device structure, allows the extraction of the active region performance from the
measured device performance. In addition, due to its simple, easy and less time-consuming
device processing, rapid feedback in terms of extracting the useful data from the device
performance can be obtained for the design of the next generation devices.

5.1 Ultra-low Threshold Edge-Emitter

Photoluminescence

In order to investigate the optical emission properties of the quantum well samples, pho-
toluminescence measurement is generally performed. Fig. 5.1 shows the low-temperature
photoluminescence of In0.43Ga0.57As0.15Sb0.85 QWs used in EEL to evaluate the quality of
the active region. Low-temperature photoluminescence (PL) spectra exhibit FWHM as
narrow as 4meV. This reflects the excellent optical properties of the active region material.
As a rule of thumb, a FWHM lower than 10 meV indicates a good crystalline quality of
the grown structure.
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Fig.5.1: Photoluminescence measurement at 20K from edge-emitter. The linewidth
(FWHM) is indicated in meV.
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Characteristic Laser Parameters

To justify this active region performance, also the characteristic laser parameters is experi-
mentally measured. In fact, characteristics laser parameters from the simple edge-emitting
laser enables to evaluate the performance of the active region beyond that of the photo-
luminescence measurement. This feedback eases to make the decision whether the active
region configuration used in edge-emitters can be successfully implemented in VCSELs.
Tab. 5.1 shows the characteristic parameters of the active region used in edge-emitters.

CW Jth,inf
[ A/cm2]

pulse Jth,inf
[ A/cm2]

αi

[cm−1]
ηi
[%]

CW T0

[K]
pulse T0

[K]

63 44 3.3 34± 4 34K 44K

Tab.5.1: Characteristic laser parameters of the edge-emitter utilizing the active region
used in 2.6 µm VCSELs. The values of some laser parameters are indicated with
calculated errors.

In Tab. 5.1, Jth,inf is the required threshold current density for a laser with αm = 0 or infinite
length. That means only the internal loss must be compensated to reach laser threshold.
T0 is the characteristic temperature which expresses the sensitivity of the active region
with temperature in terms of threshold current. The presented values are given in the
temperature range from 0◦C to 50◦C.

Note that this MBE-grown GaInAsSb/GaSb strained quantum-well (QW) ridge waveguide
(RWG) diode lasers show ultra-low threshold current densities of 44A/cm2 (L → ∞) for
a single QW which is the lowest reported value in CW operation near room temperature
(15◦C) [98]. Finally, This active region, showing an excellent performance, has been used
in 2.6 µm VCSEL structure.

5.2 2.6 µm VCSEL Structure Characterization

After obtaining an optimized and good quality active region by edge-emitting lasers, it is of
great importance to characterize the material of VCSEL sample. Such characterization is
carried out in several steps by which one can get a lot of information about the sample, for
instance, epitaxial growth quality, layer thickness inaccuracy etc. This information is very
useful since the necessary action can be taken during the VCSEL processing to compensate
any errors made during the epitaxial growth.

5.2.1 Half-VCSEL Structure

As already mentioned, the first epitaxial growth of GaSb-based BTJ VCSELs ends with
the tunnel junction layers followed by a grading and cap layer which can be considered as
a half-VCSEL structure. At this stage, the reflectivity spectrum of the structure can be
measured in order to see the epitaxial growth inaccuracies in terms of layer thicknesses and
the reflectivity of the bottom epitaxial DBR. The center wavelength of the mirror is first
estimated as the energy at the halfway point between the energies where the reflectivity
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5.2 2.6 µm VCSEL Structure Characterization

value is approximately 90%. Note that layer thickness inaccuracies mainly comes from the
growth of 8-9 µm thick (depends on the resonance wavelength) bottom epitaxial DBR and
the incomplete inner cavity. The reflectivity spectrum is then calculated using transfer
matrix method.

Fig. 5.2 shows the measured reflectivity spectrum of the half-VCSEL structure designed for
2.6 µm in the wavelength range from 2 to 3.4 µm. The simulated reflectivity spectrum has
been inserted in the same figure, indicating the 24 pair AlAsSb/GaSb Bragg mirror with a
reasonable reflectivity and an incomplete cavity. It should be stressed that the cavity-dip
in the spectrum formed by the bottom epitaxial DBR and top semiconductor-air interface
is not at the middle of the stopband, at the short wavelength side instead. This is resulting
from the incomplete thinner cavity of the structure.

The measured profile shows a good match with the simulated one except at the magnitude
of the reflectivity in the stopband region. The mismatch in the stopband regime is due to
the presence of many strong water absorption lines as can be identified in from Fig. 5.2.
In fact, these absorption lines reduces the measured normalized reflectivity. Finally the
better fit at the stopband width, even at the oscillation fringes outside the stopband and
at the cavity dip aligned at a particular wavelength simply tells that the thickness of the
quarter-wave alternating layers in the bottom mirror and the incomplete cavity thickness
after the first growth step is almost correct. Such close fit also proves to have a proper
knowledge on the material refractive index data in this long wavelength regime.
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Fig.5.2: The measured and simulated reflectivity spectra of the half-VCSEL structure de-
signed for 2.6 µm emission wavelength after the first epitaxial growth. The red-
marked dots are placed at the cavity-dip points with the same wavelength, hinting
that the cavity thickness after the first epitaxial growth is correct.
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5.2.2 Cavity-Dip

After the growth of a half-VCSEL structure, tunnel junction is structured in the sample
to form the current confinement aperture. But the realization of a complete GaSb-VCSEL
requires twofold epitaxial growth step, as already mentioned. The incomplete cavity is
completed by growing GaSb-layer in the second growth step which facilitates to check the
epitaxial growth thickness error again after the overgrowth and necessary action can be
taken during the device processing.

The reflectivity spectrum of the VCSEL structure after the overgrowth is measured again.
This time the cavity dip in the spectrum should be at the middle of the stopband indicating
a correct cavity thickness. This will lead to a optimum device performance by obtaining a
maximum bottom mirror reflectivity. Often the cavity dip is found a bit left or right of the
middle of the stopband due to the epitaxial growth thickness inaccuracy, hinting a wrong
cavity thickness. Fig. 5.3 illustrates the simulated and measured reflectivity spectra of the
VCSEL structure after the second growth step. The shift of the cavity dip towards the
short wavelength side from the center of the stopband can be observed here, i.e. the cavity
becomes thinner compared to the designed thickness. The inaccurate cavity thickness can
be corrected by adding some material before the dielectric mirror evaporation.
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Fig.5.3: The measured and simulated reflectivity spectra of the VCSEL structure after the
overgrowth and without the top DBR. The cavity dip shifts to the middle of the
stopband due to the complete cavity in the structure. A lot of absorption lines
around 2.6 µm can be identified in the measured spectrum.

Before the dielectric mirror evaporation, the reflectivity spectrum is measured once again
for the processed VCSEL sample. One part of the processed wafer with a dimension of
3mm× 5mm remains unprocessed. Since this unprocessed part have exactly the same con-
dition like a chip in the wafer, one can now obtain the exact cavity thickness information
from the cavity dip in the spectrum. The main purpose of this final reflectivity spectrum
measurement is to know how much the phase matching layer has to be removed or added
before the dielectric mirror evaporation. This information obtained from such final mea-
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surement might be different from the one obtained after the overgrowth because of the fact
that during the processing some material might be lost from the topmost GaSb layer which
can make the cavity a bit thinner, resulting a shift of the cavity dip from the designed
wavelength.

5.2.3 Phase-Matching

The cavity mode wavelength has to be located in the region of highest mirror reflectivity to
provide lowest threshold gain and it has to appear the long wavelength side of the gain peak
since the gain spectrum shifts towards long wavelength as the device heats up. Heating
of the active layer is unavoidable in electrically-pumped devices and this effect should be
taken into account when the devices are designed and fabricated.

Not only for enhancing the reflectivity for the bottom mirror but also for some other issues
like the overlap of the electric field with the active region and with the absorbing tunnel
junction layers, the perfect phase matching is extremely important in these long-wavelength
lasers. Because the misalignment between the maximum of the electric field and the active
region will introduce a reduced effective gain in the device. At the same time, a large
overlap of the highly absorbing tunnel junction layers with the electric field introduce a
high intracavity absorption losses.

In VCSELs, the resonant mode wavelength critically depends on the cavity optical length
and the mirror phase characteristics. If all the epi-layers would be grown exactly to the
designed specifications, no separate mode adjustment would be necessary. However due
to epi-layer thickness variation during the growth and also around the wafer itself, it is
necessary to make mode wavelength adjustments. The most efficient way of adjusting the
cavity mode is the changing of the cavity optical length by removing or adding layers
with a certain thickness. In GaSb-VCSELs, these adjustments may be performed at the
interface of the topmost epi-grown GaSb layer and the first layer of the dielectric mirror.
Too large cavity length can be corrected by etching the topmost epi-grown GaSb layers,
while correcting too short cavity lengths has to be done by growing an additional layer
with the dielectric material, e.g. a-Si or SiO2 before the dielectric mirror evaporation.

5.3 3.4 µm VCSEL Structure Characterization

On the way towards longer emission wavelength, a VCSEL structure at 3.4µm was de-
signed. After the overgrowth of this structure, PL and reflectivity spectra are measured
as displayed in Fig. 5.4 a). PL peak was found at 3346 nm where the cavity dip was at
3370 nm with an offset of 2.7meV. Note that the cavity dip was not found at the middle of
the stopband, i.e. 3.4 µm. This is just due to the thinner cavity resulting from the growth
inaccuracy during the overgrowth. However, the cavity thickness can be adjusted during
the device processing in order to shift the cavity resonance to the right wavelength. It
is also expected that the active region emission during laser operation shifts to the lower
energy side by 3-4meV due to internal heating.

The multi-QW (MQW) active region used in this structure consists of five 11 nm-thick
Ga0.43In0.57As0.29Sb0.71 type-I quantum wells, confined in 10 nm-thick Al0.3Ga0.3In0.4As0.4Sb0.6
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quinternary barriers to obtain an emission near 3.4 µm at RT. The crystalline perfection of
this sample was studied by HRXRD. Fig. 5.4 b) shows an XRD measurement of the VCSEL
after the overgrowth. The peaks arising from the quantum wells of the active region and
the signal from the TJ can clearly be seen, proving the good material quality. A series of
satellite peaks originating from the quantum well/barrier periodicity can be observed here.
As can be seen, the satellite peaks appear narrow and intense, and one can observe the
presence of clearly resolved Pendellösung fringes indicating the smooth interfaces and the
high crystalline perfection.
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Fig.5.4: a) The measured and simulated reflectivity spectra of the 3.4 µm VCSEL structure
after the overgrowth and without the top DBR. The cavity resonance occurs at the
left side of the stopband middle, yielding a thin cavity due to growth inaccuracy,
b) X-ray diffractometry measurement of 3.4 µm VCSEL after the overgrowth. The
peaks from QWs can be clearly identified.

5.4 Material Data for GaSb-VCSELs

For designing and analyzing GaSb-based VCSELs, it is of great importance to have the
accurate knowledge of the refractive indices and their variation with wavelength for all
epitaxial and dielectric layers used in the device structure. The refractive index dispersion
data of epi n-GaSb and n-AlAsSb layer with a doping concentration of n= 5×1017 cm−3

has already been measured and discussed in [59]. The refractive indices of dielectric mirror
materials, i.e. a-Si/a-Ge and SiO2 used in GaSb-VCSELs for the wavelength regime from
2.3 µm to 5 µm will be presented here. Then the dependence of absorption coefficient α on
wavelength for a-Si and a-Ge materials will be reported.

5.4.1 Refractive Index

The variation of the refractive index with wavelength for a-Si and a-Ge material was deter-
mined experimentally in the mid-infrared wavelength regime using the method described in
[99]. According to this method, a layer of unknown refractive index should be deposited on
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a substrate of known refractive index. By measuring the wavelength dependent reflection
spectra of this Fabry-Pérot etalon structure, one can determine both the refractive index
and the geometric thickness of the layer. In this thesis, an approximately 1µm thick e-beam
evaporated a-Si, a-Ge and SiO2 layers were deposited on an InP substrate to determine
the refractive index in the energy range from 0.25 eV to 0.55 eV, as displayed in Fig. 5.5.
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Fig.5.5: Refractive index dispersion data in the mid-infrared wavelength regime for a) a-
Ge and a-Si and b) SiO2 materials.

5.4.2 Absorption

To measure the absorption coefficient of these dielectric materials, i.e. a-Si or a-Ge films
were deposited on a transparent quartz glass substrate by e-beam evaporation at a base
pressure of 10−6mbar. The film thickness of a-Si and a-Ge films was 1038 nm and 1052 nm,
respectively. The thickness was determined by Dektak surface profilometer. The schematic
of a thin film on a transparent substrate is illustrated in Fig. 5.6. The film has thickness d
and complex refractive index n̄ = n− iκ, where n is the real part of the refractive index and
κ the extinction coefficient which can be expressed by in terms of absorption coefficient

κ =
αλ

4π
(5.1)

To measure the absolute values of the absorption coefficient for energies around the ab-
sorption edge, a standard transmission measurement using ultraviolet-visible (UV/VIS)
spectrometer is performed. Below the bandgap, the absorption is superimposed by inter-
ference fringes due to different refractive indices of film and substrate. For the region of
weak absorption, the absorption signal is at the noise level of the spectrometer. So, it is not
possible to determine the absorption coefficient from UV/VIS measurements which forces
us to apply the highly sensitive photothermal deflection spectroscopy (PDS) [100] measure-
ment in weak absorption region (αd< 1). But α values in this method are relative ones
which is calibrated by shifting the PDS spectrum to transmission spectra in the region of
spectral overlap. Thus PDS in combination with UV/VIS transmission spectroscopy was
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used to determine the absorption coefficient as a function of wavelength as displayed in
Fig. 5.7.
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Fig.5.7: Spectral dependence of absorption coefficient for a-Ge and a-Si in the mid-infrared
wavelength regime. Region I and Region II are obtained by PDS and transmission
measurement, respectively. Due to the limited sensitivity of the UV/VIS spec-
trometer and the saturation of the PDS signal, the absorption coefficient cannot
be determined in the range of high absorption.

The value of α was calculated from the transmission data using the procedure described in
[101]. All the reflections at three interfaces have been taken into account while calculating
α from transmissivity spectrum. The calculation of α from the standard transmission
measurement. The absorption coefficient α is given by [101]

α = −1

d
ln

(
1

B
{A+ [A2 + 2BT (1−R2R3)]

1/2}
)

(5.2)

where
A = −(1−R1)(1−R2)(1−R3) (5.3)
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5.4 Material Data for GaSb-VCSELs

B = 2T (R1R2 +R1R3 + 2R1R2R3) (5.4)

R1 =

(
n− 1

n+ 1

)2

(5.5)

R2 =

(
n− ns

n+ ns

)2

(5.6)

R3 =

(
ns − 1

ns + 1

)2

(5.7)

T is the transmittance and R1, R2 and R3 are the intensity reflection coefficients of the
air-film, film-substrate, and substrate-air interfaces, respectively. The range of validity of
these formulas is limited to the region where no interference fringes are observed (αd> 1).
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6 GaSb-Device Results

Having already discussed about the device design and manufacturing process, here comes
the VCSEL characterization now. In this chapter, the experimental characterization of the
electrical, optical and thermal properties of GaSb-based BTJ VCSELs will be reported.
Most of the results will be presented for those laser structures designed for the emission
wavelength of 2.6µm. An application-based results proving the suitability of such lasers in
gas sensing will be presented at the end of this chapter. This chapter will be concluded by
the device results designed for VCSELs at a record long emission wavelength of 3.4 µm.

6.1 GaSb-VCSELs at 2.3 and 2.6 µm

6.1.1 Electrical Characteristics

In general, the electrical characteristics for VCSELs utilizing low bandgap material system
is a subject of considerable interest, especially for laser devices aimed for CW operation.
This holds well for antimonide VCSELs which should have a reasonably low electrical re-
sistance leading to a reduced joule heating. In addition, in apertured VCSELs, current
confinement is very critical for the desired device features, e.g. true single-mode operation
and a reduced threshold current yielding a CW operation. In the following, the experimen-
tal results on the dc current-voltage (I-V ) measurements as well as the current confinement
efficiency in GaSb-based BTJ VCSELs emitting at 2.6 µm will be presented and analyzed.

6.1.1.1 Current-Voltage Characteristics

An HP 4142B semiconductor parameter analyzer with a high power source/monitor unit
was used to measure the electrical characteristics of the devices. This electrical character-
ization will mainly include the analysis of the VCSEL series resistance and its dependence
on the BTJ aperture diameter utilizing current-voltage (I-V ) characteristics. In general, as
compared to other semiconductor laser diodes, VCSEL exhibit high series resistances owing
to the presence of several device components, for instance in devices under study, the het-
erojunction barriers of the multiple DBR interfaces, tunnel junction, spreading resistance
due to the current confinement by the aperture in addition to top p-side and n-side contact.

To obtain a value for series resistance Rs, two methods were used. The first method
considers the deviation of the log(I) − V curve from linearity at high currents allows to
determine Rs according to

∆V = IRs (6.1)

where ∆V is the amount of voltage deviation from the linear region at a laser driving
current of I.
To confirm the value of Rs, the second method utilizes the following equation [102]

I
dV

dI
= IRs +

ηkBT

q
(6.2)
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6. GaSb-Device Results

The term IdV/dI is linearly related to I with a slope equal to Rs and an intercept with
y-axis at I = 0 equal to ηkBT/q, where η is the ideality factor. As known, the derivative
dV /dI above threshold is determined by Rs. Therefore, at the lasing threshold, the term
IdV /dI should decrease rapidly from IRs + ηkBT/q to IRs.

Fig. 6.1 illustrates the experimentally observed variation of IdV/dI with current along with
the corresponding light-current (L-I ) characteristics for a VCSEL with DBTJ = 6 µm. The
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voltage saturation at Ith.

values of Rs and η have been extracted to 31.7Ω and ≈ 3.2, respectively. The value of
ideality factor η > 2 suggests that the series resistance is distinctly influencing device per-
formance. It should be stressed that this method is strictly valid only below lasing threshold
and without the stimulated emission process [103].

The I-V characteristics of BTJ VCSELs for different aperture diameters are shown in
Fig. 6.2 a). It is seen that the slope of the I-V curve decreases with the increase in BTJ
aperture diameter, hinting thereby a reduction in series resistance. The variation of Rs

as a function of BTJ aperture diameter is shown in Fig. 6.2 b). The inverse dependence
of series resistance on VCSEL aperture size is due to the increased size of the conductive
cross-sectional area, which is in agreement with Ohm’s law. Due to inhomogeneous current
supply resulting a current crowding effect near the aperture in top-emitting VCSELs, Rs

approximately scales as Rs ∝ D−1
BTJ, as expected [104].

The series resistance Rs increases from 12Ω at DBTJ = 20 µm to 40Ω at DBTJ = 5 µm with
the decrease of BTJ aperture diameter. Note that in Fig. 6.2 b), Rs amounts to 29Ω for
6 µm VCSEL determined by Eqn. 6.1, which is in good agreement with the value obtained
by derivative method.

One clearly recognizes the moderately low resistive device design of 2.6µm VCSELs. For
instance, the threshold voltage Vth is 0.66V for the 6µm diameter VCSEL presented here
whereas the photon energy is 0.47 eV. The rest of the voltage drop at threshold comes
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across several device components outside the active region, e.g. top p-side contact, BTJ,
top lateral current spreading layer for the annular contact, 500µm thick n-doped substrate,
n-side contact and heterojunction barriers of the multiple DBR interfaces.

In order to justify the contribution of voltage drop from the top p-side contact, the transmis-
sion line measurement (TLM) [105] concept was used. The TLM test structures processed
in the same VCSEL wafer were used in this case, provided that the mask set included TLM
patterns. The measurement was carried out by two-point probe technique. Fig. 6.3 shows
the schematic view of the measurement procedure and the test structures used where d is

n
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Fig.6.3: a) TLM measurement and the structures used in measuring the contact resistivity,
b) Extraction of top contact resistance by TLM.

the contact pad spacing and Rc is the resistance due to the contact. The contact resistivity
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6. GaSb-Device Results

ρc was found to be as low as 8Ö 10−6 Ωcm2, being sufficiently low resistive in devices for
CW operation. Considering this resistivity value, the voltage drop at threshold for the top
p-side contact can be calculated to be 4mV.

Taking the TJ contact resistivity measured in Chap. 3, the voltage drop at BTJ can be cal-
culated to be 24mV. The voltage drop due to lateral current spreading amounts to 12mV
by using Eqn. 3.6. The rest of the voltage drop can be attributed to across resistance due
to backside n-doped substrate, n-side contact and heterojunction barriers of the multiple
DBR interfaces. The latter is dominating in such devices, despite the fact that the current
spreads out in the bottom mirror.

6.1.1.2 Current Confinement Efficiency

The current confinement efficiency was checked for VCSELs at 2.6 µm by utilizing the
test structures in the same processed sample. This is demonstrated in Fig. 6.4, where the
current density for a test structure with Dpc = 23 µm BTJ is compared with an equally
large blocking region (see Fig. 3.21). As can be clearly seen in Fig. 6.4, the current densities
of the BTJ are more than four orders of magnitude larger than for the blocking region with
reverse-biased p+n region and several kA/cm2 are achieved at an applied voltage as low as
1V. Also marked in Fig. 6.4 are these J-V characteristics of test structures are measured
by varying the temperature. Evidently, the blocking and conducting properties in VCSELs
do not deteriorate with increasing temperature. In other words, the current confinement
efficiency by BTJ remains same in VCSELs operated at higher temperatures.
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BTJ in order to show the current confinement efficiency in 2.6 µm VCSELs.
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6.1 GaSb-VCSELs at 2.3 and 2.6 µm

6.1.2 Optical Characteristics

After the electrical characterization, now the optical properties of BTJ VCSELs at 2.6µm
including spectral properties and tuning behavior will be described in details. These prop-
erties will demonstrate the suitability of VCSEL lasers as light sources for gas sensing
applications.

6.1.2.1 Light-Current Characteristics

CW light-current (L-I ) characteristics of devices with three different aperture diameters
of 5, 5.5 and 6 µm were measured at room temperature as displayed in Fig. 6.5. These
measurements were carried out on a water-cooled copper heatsink. The temperature of the
heatsink was controlled by thermostat. A Peltier-cooled InAs photodetecctor from Judson
Technologies with cutoff wavelength around 3.5µm was used to detect the light.

The threshold currents of 5, 5.5 and 6 µm devices are 1.46, 3.3 and 4.5mA, respectively. The
lowest effective threshold current densities among these three devices was found to be as
low as 2.6 kA/cm2, where lateral carrier diffusion of 1.7µm on each side of the BTJ is taken
into account. The details of the experimental determination of carrier diffusion length will
be discussed in Subsect. 6.1.2.7. Several dips in L-I characteristics of Fig. 6.5 is due to the
presence of water vapor absorption lines in the device-working regime. The rollover peak
power of 0.5mW has been reached in the device with DBTJ = 6 µm, yielding a differential
quantum efficiency of 10.4%. The temperature dependent L-I characteristics of a device
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Fig.6.5: Output (L-I) characteristics of GaSb-based VCSEL with different BTJ diameters.
Schematic of the VCSEL with a label for aperture diameter as inset.

with DBTJ = 6 µm are presented in Fig. 6.6 a). The device shows CW operation up to 55◦C
heatsink temperature. The rollover peak power of this device obtained at RT (i.e. 25◦C)
is 0.3mW, yielding a differential quantum efficiency of 9.6%. At RT, the threshold current
Ith is 3.9mA, corresponding to an effective threshold current density of around 5.6 kA/cm2.

The dependence of the threshold current and maximum output power as a function of the
heatsink temperature is displayed in Fig. 6.6 b). As can be seen the maximum output power
in the device decreases roughly linearly with increasing temperature as expected. But the
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6. GaSb-Device Results

threshold current increases with increasing temperature and the minimum threshold current
is located at a temperature below -20◦C.
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6.1.2.2 Lasing Spectra

Emission spectra of VCSEL lasers were measured with a Vertex 70 (Bruker Optics GmbH)
and a Peltier-cooled extended InGaAs detector. The measured spectral lasing linewidths
are limited by the resolution of the Fourier transform infrared (FTIR) spectrometer.

Compared to edge-emitting lasers, due to the larger resistive heating and smaller cavity vol-
ume of the VCSEL, the wavelength-tuning range and frequency response are significantly
larger and faster which is exploited in gas sensing application. The thermal tunability of
a VCSEL with DBTJ = 7 µm was measured by varying the heatsink temperature Ths at
a constant current as illustrated in Fig. 6.7 a). The wavelength tuning range ∆λ of the
VCSEL has been measured to be 10 nm. Note that the emission wavelength is found to
shift linearly with increasing temperature as displayed in Fig. 6.7 b). As can be seen, the
device exhibits single-mode operation over the entire temperature range with a tuning rate
of 0.24 nm/K.

The current tunability of the VCSEL was measured by varying the laser driving current at
a constant Ths. The emission spectra of the same device at various laser driving currents
are displayed in Fig. 6.8 a), yielding distinct single-mode emission across its entire operat-
ing range. They show a side-mode suppression ratio (SMSR) of over 25 dB. ∆λ has been
measured to be 5 nm. The wavelength shifts at a rate of 0.56 nm/mA.

High tuning rates are very attractive for gas sensing applications since several gas absorp-
tion lines may be scanned at a time by the temperature and current-induced self-heating
effect.
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6.1.2.3 Subthreshold Spectra

The VCSEL’s spectra in subthreshold regime provides a lot of insight information of the de-
vice, such as waveguiding behavior, cavity loss [106], bandfilling effect, carrier distribution
under pumping condition etc. By having a knowledge on these properties, one can evaluate
the performance for devices under study and then possibly make an optimum design for
next generation devices.

Subthreshold emission spectra of the devices were measured with a Vertex 70 (Bruker
Optics GmbH) and a RT operating extended InGaAs detector. Measuring subthreshold
spectra is a bit challenging due to the low optical power from the device at a current below
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6. GaSb-Device Results

threshold. One has to use a long integration time on the FTIR spectrometer in order to
get a decent and reasonable subthreshold-spectra of the device.

As known, for a given size, VCSEL exhibits many transverse modes in sub-threshold am-
plified spontaneous emission spectra even in small-size devices while only the fundamental
mode reaches threshold. Such modes in subthreshold regime are also referred to as “cold-
cavity” modes. This is just because of the fact that these modes are not affected by the
optical gain or spatial hole burning which facilitates to measure the device aforementioned
properties in an accurate way. Since the carrier density is clamped above threshold, the ob-
served redshift of the resonance wavelength is due to heating of the active layer and mirrors.

Fig. 6.9 a) displays the resonance wavelength for fundamental mode at below- and above-
threshold regime of the device with a BTJ aperture diameter 9µm. The L-I -characteristics
(as shown in inset) and driving current dependent optical emission spectra of that device
has been measured in CW at a heatsink temperature of 20◦C. Above threshold, the current
tuning rate has been found to be 0.52 nm/mA, assuming a linear dependence of the reso-
nance wavelength on the laser current. On the other hand, below threshold the observed
wavelength shift is not only due to the heating but also a change in population inversion
condition so-called bandfilling effect. By considering the current-induced heating effect,
the bandfilling alone leads to a shift of the resonance wavelength of ∆λbf ≈ 2.9 nm or
∆λbf/λcav ≈ 0.12%, where λcav is the cavity resonance wavelength. In Fig. 6.9 b) one opti-
cal emission spectrum is shown for the same VCSEL operating in the subthreshold region
at a current of 2.1mA. From the spectral measurement of Fig. 6.9 b) we can clearly identify
the wavelength of different modes. The label “1st” indicates the fundamental mode, “2nd”
the second order mode, and “3rd” the third order mode and so on.
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6.1 GaSb-VCSELs at 2.3 and 2.6 µm

6.1.2.4 Cavity Mode Adjustment

One of the advantages of using dielectric top mirror in GaSb-based BTJ VCSELs lies in the
capability of compensating for thickness inaccuracies in the epitaxial growth of the cavity.
Due to the twofold epitaxial growth in presented VCSELs, such thickness inaccuracy could
appear again during the overgrowth. In addition, during the device processing, losing some
material could introduce additional uncertainties in the cavity length, i.e. cavity resonance
wavelength. Fig. 6.10 shows the reflectivity spectra of the top and bottom Bragg mirror and
the lasing spectra of VCSEL. The emission wavelength of 2.5µm clearly tells that there is
a growth error in the cavity thickness since the VCSEL structure was designed for 2.6 µm.
Such an error makes an off-resonance from the bottom mirror reflectivity maximum. This
can be compensated through the addition of cavity extension layer, e.g. a-Si layer with a
certain thickness between the dielectric mirror and the laser cavity. This kind of correction
shows the power of using dielectric mirror to complete the inner cavity at the last step of
the processing.

Devices emitting at 2.6µm show a much better performance in terms of threshold current,
output power and maximum CW operating temperature compared to 2.5µm devices. As
can be seen in Fig. 6.10, the laser emission at 2.6 µm is well-aligned with the center of
the stopband, having a maximum reflectivity. So, an appropriate thickness of a-Si layer
was deposited on top of the device as a part of the cavity to shift the cavity dip position
to 2.6 µm. On the way towards long emission wavelength, thus the maximum wavelength
achieved is 2.63µm which is the longest wavelength ever reported for any GaSb-based
single-mode VCSELs operating in CW. Devices emitting at other wavelengths apart from
the designed wavelength (2.6 µm here) exhibit worse performance due to the following
reasons:

� Lower bottom mirror reflectivity, resulting a high threshold gain

� Decreased Γact
r due to a poor overlap of the electric field with the active region

� Increased ΓBTJ
r due to a better overlap of the field with the tunnel junction layers

6.1.2.5 Transverse Mode Characteristics

The transverse mode characteristics of GaSb-based BTJ VCSELs emitting at 2.3 and 2.6µm
were extensively studied, both theoretically and experimentally. Such an extensive analysis
presented in the following provides insight into the control of transverse mode of VCSELs
under study. As mentioned earlier, the optical index guiding in the devices is achieved by an
effective refractive index step due to the presence of a laterally structured BTJ in the cavity.

All lasing modes in VCSELs of different active diameters are experimentally measured.
Then the experimental results are compared against the theoretical data for two different
VCSEL designs for 2.3 and 2.6 µm, yielding a good agreement. VCSELs at 2.6 µm with
9µm BTJ aperture diameter show single-mode emission over the entire operating range.
This single-mode behavior from large-aperture device results from a reduced step height
caused by a thinner tunnel junction compared to 2.3µm VCSELs which eventually lead
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Fig.6.10: a) Shifting the laser emission wavelength to longer wavelength by increasing
the cavity length through a-Si layer. The reflectivity spectra of top and bottom
mirror are shown as well, b) Zoomed-in view of the reflectivity spectrum of
the bottom mirror in its stopband regime and CW operating single-mode lasing
spectra, 1) Ths = 10◦C, I = 14mA, DBTJ = 7.5 µm, 2) Ths = 15◦C, I = 12mA,
DBTJ = 5.5 µm, 3) Ths = 24◦C, I = 17mA, DBTJ =8 µm, and 4) Ths = -6◦C,
I = 13mA, DBTJ = 8 µm.

to a weaker optical index guiding in the device. The transverse mode spacing between
the excited modes is also determined and the results are compared with the theory. The
far-field patterns ensure that devices with reasonable aperture diameters operate in single
fundamental LP01 mode, showing that the devices are well-designed. The analysis also
indicates that single-mode behavior from large aperture devices can be further improved
with a further reduction of the step height of the tunnel junction. These developments in
such an easy control of transverse modes can significantly advance the use of BTJ-VCSELs
with greater reliability for a number of sensing applications.

� Emission spectra
Fig. 6.11 a) displays the output characteristic and the current dependent CW spec-
tra of a 9 µm GaSb-based BTJ VCSEL with an emission wavelength of 2.3 µm at
a heatsink temperature of 20◦C. The device exhibits multimode operation. Beside
the fundamental mode at around 2.35 µm, also LP11, LP21/LP02, LP31/LP12 and
LP41/LP03/LP22 modes can be identified. The identification of these modes is re-
ported here based on the theoretical consideration discussed in Sect. 2.5 and 2.8.

Output characteristic and current dependent CW spectra for the VCSEL at 2.6µm
with an aperture diameter of 9µm at 20◦C are shown in Fig. 6.11 b), yielding distinct
single-mode emission over the entire operating range. The SMSR is over 25 dB. Note
that VCSELs at 2.3 µm with 9 µm aperture exhibit multimode emission, whereas
2.6 µm VCSELs with the same aperture show single-mode emission with a good
SMSR. This can be mainly attributed to a reduced refractive index step due to
the lower step height in 2.6 µm VCSELs, proves the expected device improvement
due to the thinner tunnel junction. Though devices at 2.6µm is benefited a bit in

86



6.1 GaSb-VCSELs at 2.3 and 2.6 µm

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

2310 2320 2330 2340 2350 2360

LP
31

LP
02

/LP
21

LP
41

LP
41

LP
02

/LP
21

LP
11

LP
11

LP
01

LP
01

LP
31

LP
41

LP
31

LP
02

/LP
21

LP
11

LP
01

2310 2320 2330 2340 2350 2360

R
e
la

ti
v
e

In
te

n
s
it
y

(d
B

)

Wavelength (nm)

I = 14 mA

I = 9 mA

I = 4 mA

P
o

w
e

r
(m

W
)

Current (mA)

Wavelength (nm) 0 5 10 15 20 25
0

20

40

60

80

100

120

140

160

180

2580 2586 2592 2598 2604 2610

-20

0

-20

0

-20

0

2580 2586 2592 2598 2604 2610

I = 15 mA

I = 11 mA

Wavelength (nm)

I = 19 mA

LP
01

LP
01

LP
01

R
e
la

ti
v
e

In
te

n
s
it
y

(d
B

)

Current (mA)

P
o

w
e

r
(µ

W
)

Wavelength (nm)

D TBTJ = 9 µm, = 20°C

(a) (b)

Fig.6.11: Output characteristics and driving current dependent spectra at a heatsink tem-
perature of 20oC for VCSELs at:
a) 2.3 µm with an aperture diameter of 9 µm. The first six transverse modes
can be identified. At low currents, LP11 is the strongest mode, while at higher
currents the higher order modes are dominating. Due to the degeneracy, LP21

and LP02 are designated as superimposed modes. Similarly, LP31 and LP12 or
LP03, LP22 and LP41 are degenerated modes which are not mentioned here, fig-
ure modified from [59].
b) 2.6 µm. Only LP01 mode can be identified, yielding single-mode operation
with a SMSR > 25 dB

terms of the single-mode emission also from the longer emission wavelength as can
be understood from Eqn. 3.2.

� Mode and aperture diameter dependent resonant wavelength
The mode dependent resonant wavelength can be related to the mode dependent
phase parameter Blp via [107]

λlp = λ1D − λ1D
nC − nCl

⟨n⟩
(1−Blp) (6.3)

where λ1D is the 1D design wavelength and ⟨n⟩ being the average refractive index of
the laser resonator.

Fig. 6.12 a) shows the measured (extrapolated) and calculated wavelengths for LP01,
LP11, LP21/LP02 and LP31 modes against the BTJ diameters of VCSELs at 2.3µm.
These transverse modes are mentioned here since they appear in this order in a
VCSEL. The experimental procedure for the determination of such mode dependent
resonant wavelengths of the devices is discussed in [59]. It should also be noted that
the lasing wavelength shifts to shorter wavelengths as the transverse cavity dimensions
(i.e. BTJ aperture diameter) are reduced. The same behavior is also observed in oxide-
apertured VCSELs. The blueshift results because small cavities transform the lasing
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Fig.6.12: Extrapolated and calculated wavelengths of LP01, LP11, LP21/LP02 and
LP31 modes according to Eqn. 6.3 against BTJ-diameter of VCSELs at
a) 2.3 µm, figure modified from [59] and b) 2.6 µm. Higher order modes are not
included here. The horizontal dashed line indicates the 1D design wavelength
which is obtained from the one-dimensional transfer matrix method. The the-
oretical (according to Eqn. 2.30) and experimental single mode cutoff condition
for both VCSELs are shown as a vertical dotted line and dashed-dotted line,
respectively.

mode from a plane wave into a true three dimensional mode [42, 108].

The extrapolated wavelengths for the first two LP01 and LP11 modes against devices
with different BTJ diameters are plotted also in Fig. 6.12 b) for VCSELs at 2.6 µm.
The measured values are in good accordance with the theory. The strong dependence
of the emission wavelength on the aperture diameter in 2.6 µm VCSELs is due to the
strong index guiding in the device and the very long emission wavelength. The design
of VCSELs for a specific narrow wavelength range therefore requires considering this
effect.

There is an obvious deviation of experimental single mode cutoff line (dashed-dotted)
from the theoretical line (dotted) in VCSELs under study which is simply due to the
aforementioned reason discussed in Sect. 2.9. It is worth pointing out in Fig. 6.12 that
the devices with DBTJ ≤ 5.5 µm for 2.3 µm VCSELs and DBTJ ≤ 8 µm for 2.6 µm
VCSELs will emit in a single fundamental mode with power at least 25 dB above any
higher order modes or noise.

� Transverse mode spacing
Fig. 6.13 a) displays the transverse mode spacing between the fundamental mode
(LP01) and the first higher order mode (LP11) as a function of the BTJ aperture
diameter at constant internal heating for VCSELs emitting at 2.3 µm. Note that the
mode spacing values presented here are based on the above-threshold lasing spectra
in cw. It is seen that the mode spacing decreases with increasing active diameter
of the device due to the fact that the index difference between two adjacent modes
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6.1 GaSb-VCSELs at 2.3 and 2.6 µm

decreases in a large area device. The measured values are in very good agreement
with calculated values using Eqn. 2.22. Note that, the transverse mode spacing for a
certain aperture diameter in GaSb-based BTJ VCSELs is a bit higher than in GaAs or
InP-based VCSELs because of larger emission wavelength and strong index-guiding.
Measured values are in the range of 2-12 nm as shown in Fig. 6.13 a).
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Fig.6.13: Wavelength separation between LP01 and LP11 modes against BTJ diameters
based on the lasing spectra above-threshold for VCSELs: a) at 2.3 µm b) at
2.6 µm VCSEL. Separation between LP11 and LP21/LP02 modes for 2.3 µm VC-
SEL is also shown . The separation between these modes is calculated by using
Eqn. 2.22.

The mode spacing of VCSELs at 2.6 µm is illustrated in Fig. 6.13 b). Note that the
mode spacing should be somewhat larger in 2.6µm VCSEL than 2.3 µm VCSEL due
to the longer emission wavelength of 2.6 µm VCSEL. But the long wavelength effect
is a bit outbalanced by lower index guiding in 2.6µm VCSEL according to Eqn. 2.22.

A further comment should be made about the amount of index guiding in the device
which can be estimated from the mode spacing. The well-fit of measured value with
the theory indicates that the value of index step we have calculated according to
Eqn. 3.2 and Eqn. 3.3 is almost right. In other words, using such experimental data,
one can easily calculate the value of the BTJ induced step index by Eqn. 2.22. For
instance, with nC = 3.4, λ = 2.35 µm and ∆λt = 9nm (the measured wavelength
separation between LP01 and LP11 mode from Fig. 6.13) for a BTJ-VCSEL of 7µm
aperture diameter emitting at 2.3µm, the refractive index step nC-nCl can be calcu-
lated to be 8× 10−2 which is pretty close to 8.2× 10−2 we calculated by Eqn. 3.2 and
Eqn. 3.3.

6.1.2.6 Far-Field

Far-field measurement was performed at ambient room temperature, in CW operation and
on a system with a computer controlled xyz -motorized stage. A Peltier-cooled extended
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6. GaSb-Device Results

InGaAs detector was kept at a reasonable distance (≈ 20 cm) from the VCSEL to detect
the emitted light. The device emits in a single-fundamental LP01 mode with a Gaussian
intensity distribution. Due to the rotational symmetric Gaussian beam profile, VCSELs
are perfectly suited for simple fiber coupling. Fig. 6.14 a) displays full three-dimensional
measured far-field profiles of 2.6 µm GaSb-based BTJ-VCSELs with aperture diameter of
6 µm.
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Fig.6.14: a)Measured far-field of GaSb-based BTJ-VCSELs at 2.6 µm with an aperture
diameter of 6 µm at three times threshold current. This measurement is done
at ambient room temperature. b)Measured FWHM far-field angle is 22◦C.

The y-directional far-field profiles of the device is also shown in Fig. 6.14 b) which exhibits
a single-lobe pattern with a narrow divergence angle defined by the FWHM angle. Using
Eqn. 2.27, this angle is calculated to be 25o. Devices have single intensity peaks also in
x -direction (not shown), revealing single transverse mode operating and the good beam
quality of the BTJ-VCSEL. It should be noted that, the stronger index guiding in devices
under study, compared to GaAs-based oxide-apertured VCSELs, results higher FWHM
far-field angles with a certain aperture diameter [109] which can be seen in Fig. 6.14.

6.1.2.7 Carrier Diffusion Length

The threshold current density in any aperture VCSELs is mainly scaled by the current
spreading and the lateral carrier diffusion in the active region. Current spreading takes
place in the region between the current aperture and the active region. In our BTJ VCSELs,
the vertical distance between the BTJ aperture and the active region is roughly 100 nm, so
the influence of the current-spreading phenomenon on the threshold current is negligible.
Also, if one assumes the thin region below the aperture is low-doped, then the assumption
is valid. Hence the threshold current density of the devices under study is mainly governed
by the radial carrier diffusion in the active region. It means that the carrier diffusion length
needs to be experimentally measured in order to determine the threshold current density
accurately. The threshold current Ith in VCSELs can be expressed with the threshold
current density Jth by the following equation:

Ith =
π

4
(DBTJ + 2rdiff)

2Jth ∝ (DBTJ + 2rdiff)
2 (6.4)
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6.1 GaSb-VCSELs at 2.3 and 2.6 µm

where rdiff is the lateral carrier diffusion length. It is evident that Ith is proportional to
the square of the BTJ aperture diameter plus an extension caused by the carrier diffusion
on both sides of the BTJ. Clearly, this is the area of the active region which is being effec-
tive pumped during device operation. Fig. 6.15 shows the measured CW threshold current
against BTJ aperture diameter for 2.6µm VCSELs at a constant device internal temper-
ature. In fact, devices with different aperture diameters have different internal heating at
constant heatsink temperature. So, it is important to measure the threshold current of
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Fig.6.15: Square root of the measured CW threshold current at constant internal tem-
perature against BTJ diameter of VCSELs emitting at 2.6 µm. Extracting the
carrier diffusion length from a) and taking that into account, the threshold cur-
rent densities in such devices have been calculated, as displayed in b). The
increase of the threshold current in devices with small aperture diameters is
due to the high diffraction losses.

VCSELs at constant internal temperature which is simply the sum of the heatsink tem-
perature and the temperature rise ∆T in the active region of the device at threshold. ∆T
value can be obtained by measuring the thermal resistance Rth and the applied threshold
power Pth for each device.

∆T = Rth·∆Pth (6.5)

Note that the proportionality behavior indicated in Equation 6.4 is valid up to the device
with a certain BTJ diameter since Jth starts to increase at small aperture diameters which
can be attributed by the diffraction loss present in such devices. By plotting the square
root of the threshold current against BTJ diameter, one can calculate the diffusion length
from the intercept of the x -axis. A diffusion length of ≈1.7 µm on each side of the BTJ is
evaluated in Fig. 6.15 for 2.6µm VCSELs, being in good accordance with values determined
for other BTJ-VCSELs [53]. Once the diffusion length is experimentally determined, the
effective threshold current density can be calculated as shown in inset of Fig. 6.15. Note that
the minimum of the threshold current has been found at the device size of approximately
4µm diameter, hinting that these devices are strongly index guided. If the device would
be weakly index guided, e.g. implanted VCSELs, the minimum of the threshold current
would shift to device with larger aperture diameter where the diffraction loss would start
to dominate earlier with decreasing device size [110]. As a matter of fact, the strong index
guiding in the GaSb-based BTJ VCSELs is achieved by an high effective refractive index
step due to the presence of a laterally structured BTJ in the cavity [111].
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6. GaSb-Device Results

6.1.2.8 Maximum CW Operating Temperature

Fig. 6.16 a) shows the maximum CW operating temperature Tmax against BTJ diameter
ranging from 3.5 µm to 20 µm. It is seen that Tmax decreases with the increase of the BTJ
diameter except DBTJ ≤ 4µm. In other words, the smaller devices are suitable for the
higher temperature operation in CW mode. In order to identify the reason of this behavior,
we measured the thermal resistance of each device as displayed in Fig. 6.16 b). The decrease
of the thermal resistance with device diameter does not even follow 1/DBTJ behavior as
expected for top emitting VCSELs. Therefore, the heat removal in such BTJ VCSELs is
not one-dimensional, three-dimensional instead. The thermal resistance can be measured
or extracted from the shift of emission wavelength to longer wavelength with increasing
temperature and with increasing current which can be mathematically written as follows:

Rth =

∆λ

∆Pel

|T=const.

∆λ

∆T
|P el=const.

(6.6)

Here,
∆λ

∆Pel

|T=const. is the electrical power tuning coefficient at a constant heatsink tem-

perature and
∆λ

∆T
|Pel=const. is the thermal tuning coefficient at a constant applied electrical

power.
At this point, Tab. 6.1 can be introduced in order to demonstrate a comparison of thermal
resistance among VCSELs with active region diameter between 5µm and 13 µm based on
different material system. Thus one can have a better feeling about the thermal perfor-
mance in devices under study. In particular, the thermal resistance value of the InP-based
BTJ VCSEL mentioned in Tab. 6.1 is for the structure mounted epi-side-down onto an
integrated Au-heatsink. Therefore, the presented top-emitting GaSb-based devices with-
out any integrated heatsink shows a reasonably good thermal properties, indicating a good
thermal design. As a part of the investigation to identify the reason of having a lower Tmax

GaAs-based InP-based GaSb-based

Thermal resistance
(K/W)

1350≤ Rth ≤ 3650 [112] 3500≤ Rth ≤ 700 [53] 1980 ≤ Rth ≤ 870

Tab.6.1: Thermal conductivity for VCSELs with active diameter, 5 µm ≤ Da ≤ 13 µm
(Da ≡ DBTJ) on different material system.

at device with a larger diameter, the electrical CW threshold power Pth consumed by the
device at a constant internal temperature is measured for VCSELs of different size. It is
found that Pth is increasing at a higher rate than the decreasing rate of thermal resistance
with increasing device size as demonstrated in Fig. 6.16 c). This is why the maximum CW
lasing temperature decreases with the increase of the aperture diameter. For the device
with very small aperture diameter, the threshold current increases again due to the high
diffraction losses which leads to an increasing CW threshold power, resulting a lower CW
operating temperature. The lower decreasing rate of thermal resistance and the higher
increasing rate of consumed threshold power with increasing device aperture diameter give
a dependence of temperature rise in the active region on the device size. As illustrated
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Fig.6.16: The dependence of a) maximum CW lasing temperature (Tmax) and b) ther-
mal resistance at 20oC as a function of BTJ diameter of 2.6 µm VCSELs. The
measured thermal resistance points are obtained by the method employing the
lasing wavelength shift with temperature and applied electrical power, whereas,
the calculated (red-marked) points are by the finite element method (FEM) simu-
lation, showing a good agreement. The curve fitting was done with the measured
data. c) The consumed threshold power at a constant internal temperature and
the temperature rise of the active region with respect to the heatsink temper-
ature against BTJ diameter of 2.6 µm VCSELs. The continuously increasing
temperature rise of the devices with BTJ diameters indicates that the device
performance can be further improved by a better thermal design.

in Fig. 6.16 c), the temperature rise is scaled by the relation ∆T ∝ D0.6
BTJ. However, the

temperature rise in the devices would be independent of device size if Rth and Pth would
obey the scaling law ∝ Da

−1 and ∝ Da, respectively, where Da is the active diameter, as
expected for top emitting GaAs-based VCSELs [104].

For the case the aperture diameter defined by BTJ is larger than theoretical diameter of
TEM00 mode, (corresponds to the LP01 fiber mode) i.e.DBTJ > dTEM,00, maximum CW
operating temperature Tmax is higher for lower size devices. This is true for devices under
study which has been confirmed by the far-field measurement. In fact, devices up to
5µm aperture diameter have a tendency to increase their CW operating temperature when
moving from larger devices as shown in Fig. 6.16 a). TEM00 mode diameter dTEM,00 can be
given by [113]

dTEM,00 =
4λ

πΘ1/e2
(6.7)

where Θ is the angle in radians subtended by the 1/e2 diameter points in the far field. For
example, for VCSELs with DBTJ = 6 µm at 2.6µm and Θ1/e2 = 0.66 rad (obtained from
far-field measurement), dTEM,00 calculates to 5µm. Therefore, the maximum CW operating
temperature in these devices is governed by the thermal issues.
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6. GaSb-Device Results

6.1.2.9 Diffraction Loss

As already mentioned, diffraction loss has been proven to be one of the dominant loss
mechanisms in GaSb-based VCSELs [70]. As a part of loss-budget calculation, the diffrac-
tion loss was calculated as a function of the BTJ diameter (see Fig. 6.17). As expected,
the diffraction loss increases when the BTJ diameter is decreased, and for DBTJ ≤ 8 µm
the diffraction loss is of the same order of magnitude as the outcoupling loss through the
mirrors; this can lead to an increased threshold current for VCSELs with a small BTJ.
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Fig.6.17: a) Simulated diffraction loss as a function of the BTJ diameter. Two dif-
ferent cavities are analyzed, the 2.3 µm VCSEL and the 2.6 µm VCSEL, the
latter with a smaller BTJ-induced step in the cavity structure, thereby reducing
the diffraction loss. For each cavity the diffraction loss for the fundamental
mode field (LP01) and for the first higher order mode field (LP11) is calculated.
b)Calculation of loss budget for 2.6 µm VCSELs with DBTJ = 8 µm.
(Diffraction loss calculation done in collaboration with Prof. Anders Larsson,
Chalmers Univ. Tech., Sweden.)

Fig. 6.17 a) also shows that the diffraction loss was somewhat lower for the 2.6µm VC-
SEL. To understand how the diffraction loss is influenced by a change in the wavelength,
we can view the BTJ as an aperture for the intracavity field. For a simple aperture one
would say that the diffraction loss scales roughly as the square of the wavelength, simply
because for a longer wavelength the aperture becomes smaller, measured in wavelength,
and thus more of the light is diffracted off axis. On the other hand, if the aperture is a
phase modulating one, with different amount of phase modulation inside and outside the
aperture diameter, one would expect a decrease in the diffraction loss as the difference in
phase modulation is decreased between the light passing through within the aperture and
the light passing through outside the aperture. Of course, the BTJ and the structure above
it is a more complicated structure than a simple aperture, but the trends in the behav-
ior with respect to the diffraction loss should be the same. Thus we would expect that
going from 2.3 µm to 2.6 µm, a 13% increase in wavelength, would result in an increased
diffraction loss of :30% because the aperture becomes smaller measured in wavelengths.
This was also confirmed in simulations keeping the phase modulation the same for both
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6.1 GaSb-VCSELs at 2.3 and 2.6 µm

wavelengths. On the other hand, the longer wavelength means that also the BTJ-induced
step height is smaller measured in wavelength. This implies that the imposed phase mod-
ulation is smaller which lowers the diffraction loss. These two effects would thus partly
balance each other; simulations showed that the net result would still be an increase of the
diffraction loss as the emission wavelength is increased to 2.6 µm. Hence, the diffraction
loss is reduced by decreasing also the physical BTJ-induced step height, to further reduce
the phase modulation of the aperture. Thus, the 2.6µm VCSEL cavity was modified by
reducing the BTJ-induced step height from 72 nm in the 2.3 µm VCSEL to 55 nm. This
strategy was successful, giving a small net reduction of the diffraction loss compared to
the shorter-wavelength device. Finally, Fig. 6.17 a) shows that diffraction loss can be an
important mode selecting mechanism. It strongly favors single mode operation in the fun-
damental LP01 mode thanks to the large loss difference to the first higher order mode.

Also the other loss mechanisms in VCSELs, such as outcoupling loss for both top and
bottom mirrors obtained by the calculation is listed in Fig. 6.17 b). The total cavity loss
has been measured to be as high as 23.2 cm−1. The experimental procedure involved in
obtaining the total loss value will be described in Subsect. 6.1.2.11. So, the remaining loss
of 13 cm−1 can be attributed to the free-carrier absorption (FCA) losses in the epitaxial
mirror, QW active region and the 3λ thick GaSb cavity. Out of those remaining losses, the
average FCA loss in the epitaxial mirror can be calculated by

ᾱFCA
m =

nlαh + nhαl

nh + nl

(6.8)

where ᾱFCA
m is the average absorption coefficient in the epitaxial mirror, nl and nh the

low and high refractive indices of the mirror material and the absorption coefficient in the
high and low index material are denoted with αh and αl. For the emission wavelength of
2.6 µm, we have, nAlAsSb = 3.19, nGaSb = 3.83, αAlAsSb = 13.2 cm−1 and αGaSb = 10.1 cm−1

which yields ᾱFCA
m = 11.7 cm−1, whereas the optical absorption losses in such DBRs were

measured to be 5-10 cm−1 at 2.3 µm[114].

6.1.2.10 Internal Temperature

Neither the direct measurement nor the analytical analysis or modeling can accurately tell
the internal temperature Tin of VCSELs. This is just because of the device self-heating as
well as the presence of several unknown effects, e.g.QW Auger recombination in the device
above threshold. Such heat-generating unknown effects introduces the non-linearity in the
device L-I characteristics measured at constant Ths. By removing only the self-heating
effect from other effects, it is possible to obtain the L-I characteristics with a reduced
non-linearity. For devices under study, we follow the wavelength method from [115] to ob-
tain the L-I characteristics at constant internal temperature. Fig. 6.18 a) illustrates the
contour curves of the device lasing wavelengths at different driving currents and heatsink
temperature. Each constant emission wavelength curve indicates a constant internal tem-
perature of the device which can be extracted by extrapolating those curves to I = 0. From
Fig. 6.18 a), the internal temperature at which the laser turns off can be determined to be
approximately 77◦C which is the highest temperature the laser would work in pulsed mode.
In order to verify this, the laser internal rollover temperature and turn off temperature de-
fined by Eqn. 6.9 and Eqn. 6.10, respectively are plotted against the heatsink temperature
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6. GaSb-Device Results

as shown in Fig. 6.18 b).
Tro = Ths + ProRth (6.9)

Toff = Ths + PoffRth (6.10)

where Pro and Poff are the applied electrical power at VCSEL thermal rollover and turn
off, respectively.
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Fig.6.18: a) Curves of constant laser emission wavelength at different driving current and
heatsink temperature. Each constant wavelength curve represents the constant
internal temperature of the device which can be extracted by extrapolating them
to I= 0. The laser turn-off temperature can be determined to ≈ 77 o C which
is independent of Ths. Temperature dependent L-I characteristics of the device
with DBTJ = 9 µm is shown in inset. The maximum CW operating heatsink tem-
perature of the device is approximately 59oC. b) Internal rollover temperature
(Tro) and laser turn off temperatures (Toff) as a function a Ths.

The turn off temperature Toff has been found to be 77oC, showing a good agreement
with the value determined by the method mentioned earlier. As expected, the laser turn
off temperature Toff is independent of heatsink temperature while the thermal rollover
temperature Tro increases linearly with heatsink temperature. This is not surprising since
the thermal rollover point is determined by not only the heatsink temperature and the
amount of self-heating caused by the applied electrical power but also with the applied
driving current. Evidently, the device operated at lower heatsink temperature will be
driven by more current to reach the thermal rollover than it would be for higher heatsink
temperature. Then the slope (equivalent to the differential quantum efficiency) of the
L-I characteristics measured indirectly at constant internal temperature is plotted as a
function of device internal temperature. As shown in Fig. 6.19, the slope decreases with
increasing Tin. This is not surprising either since several unknown effects, for instance,
QW leakage current, QW Auger recombination and leakage current through the region
outside of BTJ can take place in the QW region with increasing temperature which has not
been taken into account so far. The latter can be excluded from this discussion since the
current confinement efficiency does not degrade in our devices with increasing temperature
as demonstrated in Fig. 6.4. Here we measured the I-V characteristics of a point contact
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Fig.6.19: The slope of the L-I characteristics calculated at constant internal temperature
as a function of internal temperature Tin

test structure with diameter, Dpc = 23 µm in the region with BTJ and without BTJ. It
was found that the ratio of the current in the region of BTJ to the region outside BTJ at
a particular voltage of 0.8 is approximately 25,000 and this value remains almost constant
with increasing temperature.

6.1.2.11 Laser Internal Parameters

Internal Quantum Effciency and Losses

The laser parameters like internal quantum efficiency and internal losses have a significant
effect on the device performance. Having an accurate knowledge on these parameters are
extremely important for a realistic modeling of VCSELs. These two internal laser parame-
ters are experimentally determined by the method mentioned in [116]. In our VCSELs, the
mirror reflectivity of the dielectric outcoupling DBR is decreased by depositing additional
a-Si layer on top. This results in an increased threshold current and differential quantum
efficiency with higher mirror losses, as expected. The differential quantum efficiency ηd, the
internal loss αi and the internal quantum efficiency ηi are related to each other by Eqn. 2.34.

With only 4 pair SiO2/a-Si dielectric DBR and by depositing additional 80 nm, 104 nm,
128 nm and 141 nm a-Si on top of that mirror which corresponds to a power reflectivity
of 99.8%, 99.7%, 99.6%, 99.5% and 99.2%, respectively, the differential quantum efficien-
cies are measured from L-I characteristics of single-mode VCSELs emitting at 2.6 µm at
a heatsink temperature of 10◦C and 0◦C. Plotting 1/ηd against the calculated 1/αm and
using a linear fit according to Eqn. 2.34, ηi = 40% and αi = 23.2–26 cm−1 are obtained as
illustrated in Fig. 6.20.

The reduced internal quantum efficiency in such laser could be attributed to several issues,
such as hole confinement of the QWs, hole leakage by thermionic emission or inhomoge-
neous filling of the QWs by the carriers. The latter is rather unlikely since the conduction
and valence band offsets are as low as ∆EQW

c ≈ 212meV and ∆EQW
hh ≈ 48meV, respec-
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α−1
m in order to extract the internal parameters ηi and αi using a linear fit.

tively as shown in Fig. 3.1. Electrons remain very well confined in such QWs due to its
moderately large conduction band offset, whereas EQW

hh value is just less than twice of the
thermal energy at room temperature (kBT ). Therefore, hole leakage by thermionic emis-
sion could be the most probable reason of the low ηi. Even the separate confinement layer
Al0.15Ga0.85As0.01Sb0.99 does not help so much in confining the carriers into the active re-
gion since the valence band offset at the separate confinement layer ESCH

hh is approximately
twice as low as kBT . The low ηi could also be due to the presence of well-known strong
non-radiative Auger recombination effect at the long wavelength MIR lasers.

The extracted loss parameter αi contains all types of losses in the laser resonator. It in-
cludes outcoupling mirror losses, free carrier absorption in the cavity, active region and
epitaxial bottom Bragg mirror and diffraction loss. It should be noted that the deviation
in αi value as indicated in Fig. 6.20 is resulting from the measurement carried out at two
different temperatures and partly due to the different current injection magnitude. This
clearly indicates the presence of temperature dependent loss mechanisms, e.g. Auger re-
combination, in the resonator. As expected, at 10oC the value of αi is higher than at 0oC
since αi and ηi are both function of temperature.

Gain Constant and Transparency Current

Gain constant (go) for the active region material and transparency current density, Jtr are
other two important laser parameters which can be determined experimentally. The gain
and current density can be related by Eqn. 2.35. In this work, both Jth and gth of the
device was changed by changing the outcoupling mirror reflectivity, while gth is related to
the reflectivity of outcoupling mirror by

gth =
1

Γz

(
αi +

1

2Leff

ln

(
1

RocRb

))
(6.11)

where Γz is the longitudinal confinement factor which is calculated to be 0.037. Thus the
calculated threshold gain are plotted as a function of measured threshold current density
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at a heatsink temperature of 0◦C and 10◦C as shown in Fig. 6.21 a). Logarithmic fitting
using Eqn. 2.35 yield values for g0 and Jtr.

In fact, Itr sensitively depends on the sample quality and fabrication process and g0 value
obtained here is in a range and the measurement also involves some experimental inac-
curacies. So, we recalculated these two laser parameters by an alternative experimental
method.
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Fig.6.21: a) Measured quantum well threshold gain against threshold current density
for 2.6 µm VCSELs at 0oC and 10oC. The measured points are fitted using
Eqn. 2.35. b) Gain-current density curve for 2.6 µm VCSELs based on thresh-
old gain variation with aperture diameter of the device.

This time ηd and Jth are measured for a number of devices with 5µm ≤ DBTJ ≤ 16 µm at a
constant internal temperature. And QW gain is related to ηd via Eqn. 2.14, 2.33 and 6.11

2ΓrgthNQWLQW =
ηiTb,oc

ηd
(6.12)

where Tb,oc is the transmission through both top and bottom mirror. The left and right
side of Eqn. 6.12 refers to total round trip gain in the active region and the round trip loss
δ in the device, respectively.

Thus we obtain a pair of numbers (gth, Jth) where gth is calculated using Eqn. 6.12. As ex-
pected, both the threshold current and threshold current density will vary with the change
of devices with different aperture diameters. As shown in Fig. 6.21 b), go = 1580 cm−1

and Jtr=240A/cm2 per QW can be extracted by plotting these measured data and then
fitting with logarithmic gain-current relation. Compared to GaAs-based material system,
the higher gain coefficient value indicates that this material system exhibits excellent gain
properties of the active region material [117].
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6. GaSb-Device Results

Optimum Number of QWs

With the known g-J relationship we are in position to determine the optimum number of
QWs for devices under study. Note that the round trip loss δ is given by

δ = 2NQWLQWΓr(NQW)gth(Jth,NQW) (6.13)

Jth =
NQWJtr

ηi
exp

(
δ

2NQWLQWΓrg0

)
(6.14)

For two different round trip cavity losses, the calculated CW threshold current density
is plotted as a function of number of QWs by Eqn. 6.14 as indicated in Fig. 6.22. An
exemplary numerical calculation of the threshold current density Jth for the device with
DBTJ = 5µm is mentioned here which has been marked by a red dot in Fig. 6.22. Using
Eqn. 6.13 and NQW = 7, LQW = 10 nm, Γr = 1.8 and gth=638 cm−1, one obtains the round
trip loss δ=1.6%, where the value of gth can be calculated by Eqn. 2.35 using measured
values, i.e. Jth=5.2 kA/cm2, ηi = 0.4, Jtr=0.19 kA/cm2 and go = 1450 cm−1. The round
trip loss value δ can also be calculated by the right side of Eqn. 6.12 and using measured
ηd = 8.8%, ηi = 0.4 and calculated Tb,oc = 0.0035. Finally one calculates CW threshold
current density Jth≈ 5.2 kA/cm2 using Eqn. 6.14 and in good agreement with the measured
value.
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Fig.6.22: Calculated CW threshold current density as a function of number of QWs in
2.6 µm VCSELs.

As can be seen in Fig. 6.22, with 1.6% round trip loss, the optimum number of well is 3,
whereas 7 QW was used in presented devices. Therefore, reducing the number of QWs
from 7 to 3, Jth will decrease and thus the device performance will be improved.

6.1.2.12 Gain-Cavity Offset

The adjustment of the gain-offset is a critical design issue for long wavelength VCSELs to
minimize the temperature sensitivity of the threshold current. The gain-cavity offset ∆λgc

can be expressed as λgain-λcav, where λgain is the gain peak wavelength and λcav is the cavity
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6.1 GaSb-VCSELs at 2.3 and 2.6 µm

resonance. This offset depends on the temperature T since λgain shifts with the change of
QW bandgap Eg(T ), while λcav shifts with changing refractive index of the cavity layers.
Unlike GaAs-based VCSELs, InP-based VCSELs show the minimum threshold current far
below the temperature of zero-gain offset ∆λgc = 0 [118, 119]. As a design rule, this zero-
gain offset is expected to be around room temperature to obtain minimum temperature
sensitivity.

To investigate the value of gain-cavity offset value at RT as well as the value of T where
zero gain offset is located in devices under study, the temperature dependence of the cavity
resonance λcav(T ) was experimentally determined by observing the cavity mode position at
different temperature under pulse operation. The emission wavelength shift with tempera-
ture was measured to be dλcav/dT = 0.25 nm/K corresponds to the change of lasing energy
dEcav/dT = 0.046meV/K. On the other hand, to obtain the information on the shifting
rate of gain peak wavelength, broad-area (BA) edge-emitting lasers (EELs) containing the
same active region of VCSEL structure were processed. The thermal dependence of the
gain peak wavelength λgain(T ) was measured from the temperature-induced shift of the
peak emission wavelength of EELs. The gain peak wavelength shift with temperature was
measured to be dλgain/dT = 1.5 nm/K, giving a thermal bandgap shrinkage dEg/dT =
0.28meV/K. Thus, the gain maximum λgain(T ) red-shifts six times faster than the cav-
ity mode λcav(T ), emphasizing the strong dependence of the gain-cavity offset ∆λgc on
device temperature. The extrapolated point corresponds to the gain-cavity alignment is
found to be at 0.481 eV≡ 2580 nm and at RT, the gain-cavity offset is 8meV as displayed
in Fig. 6.23 a). To verify this measurement, the emission wavelength and the gain peak
wavelength shift with the hydrostatic pressure were also measured. From hydrostatic pres-
sure tuning, the gain-cavity alignment has been extracted also at 0.481 eV as displayed in
Fig. 6.23 b).
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Fig.6.23: Change of lasing photon energy corresponds to gain peak and cavity mode in
CW-operated edge-emitting laser and VCSEL, respectively as a function of
a) temperature and b) pressure.
Measurement done at the Advanced Technology Institute, University of Surrey,
UK.
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6. GaSb-Device Results

Now let’s examine the threshold current-temperature characteristics of a :2.6µm VCSEL.
Such characteristics in these devices are governed by temperature dependent three effects.
Firstly, the optical gain is a function of temperature, in other words, the optical gain de-
creases with increasing temperature [120]. The second effect is the temperature dependent
relative spectral misalignment between gain maximum and cavity resonance. Apart from
these two effects, also non-radiative Auger recombination plays an important role in these
devices above 240K. Fig. 6.24 shows the temperature dependent threshold current behav-
ior in the temperature range of 80K-330K. As can be seen, minimum Ith has been found
around 200K, whereas the zero-gain offset is at 330K. This is not surprising since similar
behavior has already been observed in InP-based VCSELs [118]. In very long-wavelength
GaSb-based VCSELs, the threshold minimum and zero gain offset are even far away from
each other. But most VCSEL applications require low temperature sensitivity at or above
RT, i.e. Ith minimum for presented devices should be moved to higher temperature. In order
to achieve this at constant emission wavelength, the gain spectrum needs to be blueshifted
or the cavity mode has to be redshifted using the same active region.
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Fig.6.24: Pulse threshold current-temperature characteristics of GaSb-VCSELs with
DBTJ =8.5 µm. The relative spectral position of cavity mode and gain peak at
different temperature is shown as inset.
Measurement done at the Advanced Technology Institute, University of Surrey,
UK

6.1.3 Noise Characteristics

The RIN measurements were performed by placing the VCSEL in front of a Peltier-cooled
InAs photodector (PD) from Judson Technologies as close as possible. In practice, the
distance from the VCSEL to the PD window was 2mm. The PD signal was amplified in
the transimpedance amplifier with a maximum gain of 105V/A. The photodiode was kept
at about -34.5◦C temperature, while the TO-housed VCSEL was at 15◦C. On the optical
plane, the angle of the VCSEL in regard to the PD was aligned for maximum signal level
which was monitored by an oscilloscope. From the amplifier the signal was directed to an
RF-analyzer that was used to measure noise power density at a signal with frequency of
12 kHz. The calculation of RIN value is shown in Tab. 6.2 using the formula mentioned in
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Chap. 2.

P0 R G Pnoise,dBm Pnoise

Optical power
incident on
photodiode

Detector re-
sponsitivity

Amplifier
gain

Measured
noise power
density

Measured
noise power
density

RIN

(W) (A/W) (V/A) (dBm/Hz) (W/Hz) (dB/Hz)

6× 10−5 1.2 105 -75.8 2.6× 10−11 -106

Tab.6.2: Calculation of RIN value for 2.6 µm GaSb-based BTJ VCSELs.
Measurement done at the Optoelectronics Research Center, Tampere Univ. Tech.,
Finland

A significant uncertainty relates to the optical power that is coupled to the detector surface
(P0). With the pyrocamera it was not possible to see the beam profile and it is difficult
to comment on the beam divergence. It was assumed that 50% of the maximum power is
coupled to the detector (60 µW). By changing this value it is possible to see the effect on
RIN. The measurements indicate a RIN value in the order of -100 dB/Hz, assuming that
other noise sources are small here.

6.1.4 Water Vapor Measurement by WMS

An emission wavelength of 2.6 µm is of significant interest for gas detection by TDLAS. In
fact, emission wavelengths of the presented lasers are obtained at 2.605, 2.596 and 2.594 µm
where the strongest water vapor absorption lines are located. Such application-suited VC-
SELs open the way for gas measurements and isotopic ratio studies [121] by realizing
absorption spectrometers with significant sensitivity improvements.

To prove the applicability of the VCSEL, an experiment was carried out in which the
emission wavelength or intensity of the laser was modulated across the atmospheric water
absorption features. This will show the suitability of such lasers in terms of modulation
speed and stability of single-mode emission. The modulation was done by changing the
driving current with an additional sinusoidal signal of frequency 10 kHz. This WMS method
typically has a higher sensitivity for detecting the trace gases than direct absorption spec-
troscopy.

In order to measure the atmospheric water vapor concentration, the first and the second
harmonic (2f) spectra were recorded with the help of a lock-in amplifier which receives
the intensity-modulated signal from the detector. Using the model in [36], the measured
spectra are then fitted analytically as illustrated in Fig. 6.25 a). An absolute water vapor
concentration of 1.5% in laboratory air was determined. The excellent fit proves that the
laser exhibits single-mode operation and without mode-hops over the entire operating range
(shown in Fig. 6.25 b)) which is required for high resolution TDLAS.
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Fig.6.25: a) Measured WMS first and second harmonic spectra of H2O absorption lines
(black lines) and the fit using absorption line parameters from HITRAN
database [10] (blue lines). The detected signal at the photodetector for VCSELs
emitting at 2.6 µm and the fit extracted from corresponding first and second har-
monic spectra as shown in inset. Due to the lack of the temperature stability in
the measurement setup, a mismatch appears between these two signals. b) The
driving current dependent emission spectra at Ths = 20oC, showing the single-
mode emission and the range of tunability.
WMS signal fitting done by A.Hangauer, SIEMENS AG, Munich, Germany.

6.2 GaSb-Devices at 3.4 µm

As a part of the investigation, many attempts have been made to extend the emission
wavelength of VCSELs as already mentioned. For brevity, the electrical characteristics of
VCSELs with an emission wavelength of only 3.4 µm will be described here which at least
can provide an understanding of the VCSEL failure reason.

6.2.1 Electrical Characteristics

The most important electrical characteristics of VCSELs at 3.4 µm will be tabulated in
Tab. 6.3. For comparison, the characteristics of the working VCSELs at 2.6µm is also
presented here. As can be seen, VCSEL devices at 3.4µm shows a higher series resistance
leading to a high voltage drop and lower blocking ratio compared to working devices. The
reason of this high resistance has been investigated and the outcome of such investigation
will be discussed here.

The reason of this high resistance could be due to either the top p-side metal semiconductor
contact or tunnel junction buried in the device as an intra-cavity ohmic contact. At first,
top p-side contact resistivity has been measured by using the test structures present in our
wafer utilizing TLM method and the resistivity is found as low as 6 × 10−6 Ωcm2, indi-
cating that the top p-side contact cannot be the reason. This has also been confirmed by
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Fig.6.26: a) J-V characteristics of VCSEL devices with same BTJ diameter but with
different contact layer area, b) schematic of devices with different contact layer
area and their dimensions.

Design
wavelength

Contact
resistance by

TLM

Series
resistance

@ DBTJ=11 µm

Blocking ratio
@ 1V

Voltage drop
@ 20 kA/cm2

2.6 µm(working) 7-8× 10−6Ωcm2 17Ω > 10,000 1V

3.4 µm 5-6× 10−6Ωcm2 128Ω > 80 2.13V

Tab.6.3: Comparison of electrical characteristics between working and non-working VC-
SEL

the measurement of J-V characteristics of VCSEL devices with same BTJ diameter (11µm
in this case) but with different contact layer area as shown in Fig. 6.26 a). Increasing the
contact layer area does not improve J-V characteristics of the device with larger contact
area. In order to measure the blocking ratio, several test structures present in the processed
wafer were measured. The blocking ratio was determined from the current density ratio in
the non-etched and etched region of the BTJ at a particular applied voltage by measuring
J-V characteristics of these test structures. Note that these characteristics were obtained
by averaging the multiple curves of several test structures in order to avoid the inconsistent
behavior among test structures. The blocking ratio of this sample amounts to as low as
≈80 @ 1V, whereas the old working VCSEL at 2.6µm exhibits the blocking ratio over
10,000 @ 1V. So, the resulting current confinement was very poor in the device.

Now current density-voltage characteristics of devices with different BTJ diameters along
with 5 µm point contact. At a particular voltage, e.g. 1V, the current density in the 5µm
point contact is 3 kA/cm2 as shown in Fig. 6.27 a). This can be considered as the current
limit in this comparison since the point contact does not have any blocking region com-
pared to devices with different BTJ diameters. As expected, VCSEL devices with different
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Fig.6.27: a)J-V characteristics of devices with different BTJ diameters, showing the cur-
rent limit through the tunnel junction, b) schematic of a point contact with 5 µm
diameter.

BTJ diameters have the current density less than 3 kA/cm2 at the same applied voltage,
indicating the tunnel junction is highly resistive which does not allow the current to flow
through it. This could be attributed to the tunnel junction itself or the inappropriate
cleaning procedure before the overgrowth. This will be investigated in the future.

Based on the description written so far, it is clear that the tunnel junction seems to be
the main problem for such high resistance. It is not still clear whether the tunnel junction
itself or the inappropriate cleaning procedure carried out before the overgrowth. The high
resistance of the tunnel junction seems to be a bit unlikely since the tunnel junction in our
devices inherently favors carrier tunneling even with low doping.

Please note that a change has been made in such device structure by replacing the classical
top p-side n-InAsSb contact with a ultra-low resistive p+-GaSb/n+-InAs tunnel junction
as can be seen in Fig. 6.26 b). The growth details and point contact results of this ultra-low
resistive tunnel junction can be found in [122]. The key advantage of using such tunnel
junction-based contact is to have a topmost p+-GaSb layer onto which a low-resistive p-
side ohmic contact can be formed easily due to Fermi-level pinning near the GaSb valence
band edge.

6.2.2 Optical Characteristics

After the electrical characteristics of the VCSEL structure, optical measurements were
performed to characterize the device performance. Due to the high resistivity and very
poor current confinement, RT CW lasing is less likely in measured devices. But still lasing
under pulse operation could be expected from these devices since they can be driven by
pulse-current with a low duty cycle (e.g. 0.2%) by which one can get rid of the heating
effect generated by the high resistance of the device. In addition, poor current confinement
confirmed by the low blocking ratio can be circumvented by applying a reasonable amount
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6.2 GaSb-Devices at 3.4 µm

of current. Because this time current need to be injected homogeneously over the whole
mesa. Please note that the applied current should be approximately 5-6 times higher than
the case when the device would have good current confinement defined by the BTJ aperture
diameter. Unfortunately, no lasing effect could be achieved so far as can be understood
in Fig. 6.28, showing the pulsed L-I characteristics of a device with an mesa diameter of
31µm.
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Fig.6.28: L-I characteristics of a device with 31 µm device diameter under pulse operation

The device exhibits only spontaneous emission and it has already reached in the saturation
region at a current density of 6 kA/cm2. The reason of this non-lasing behavior is not
yet understood. At first glance, one could think of the mismatch of the cavity resonance
(i.e.misaligned cavity) which can be confirmed by the measurement of a electrolumines-
cence spectra. But measuring the electroluminescence spectra at this very long wavelength
regime is a bit challenging which could not be successfully performed during this thesis.
This can be investigated in the future. Though the cavity misalignment seems to be a bit
unlikely in this case since the cavity resonance was measured on the processed wafer just
before the top dielectric mirror evaporation and the cavity was adjusted accordingly. Apart
from the misaligned cavity, very strong Auger and FCA loss at this very long wavelength
could prevent the lasing.

In summary, this chapter discusses several performance-related aspects of GaSb-based BTJ
VCSELs based on theoretical and experimental results. These results allow a deeper insight
into the internal device physics, such as radial diffusion of carriers, maximum continuous-
wave operating temperature, diffraction loss, internal temperature, gain and loss parame-
ters, internal quantum efficiency of the active region etc. These parameters can be taken
into account while designing mid-infrared lasers which leads to an improved device perfor-
mance. In addition, an application-based results utilizing these lasers for the measurement
of absolute water vapor concentration by wavelength modulation spectroscopy (WMS)
method are also described, hinting that devices are well-suited for the targeted applica-
tions.
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7 Conclusion and Outlook

Conclusion

The work presented in this dissertation describes the development of electrically-pumped
GaSb-based BTJ VCSELs for emission wavelengths of above 2µm preferably operating
continuously at and above room temperature. Devices should exhibit single-mode opera-
tion over their entire operating range with a high (electro)thermal wavelength tunability
to be suitable for TDLAS-based photonic sensors.

In the previous chapters, various aspects of the design, fabrication and characterization
of long wavelength GaSb-based VCSELs have been described in details. Much emphasis
has been laid on the device characterization based on the theoretical and experimental
investigations which allows to improve both the device design and performance. Despite
of the fact that the GaSb-based material system (AlGaIn)(AsSb) is the material of choice
for achieving highly reliable devices in the mid-infrared wavelength regime, the research
on EP GaSb-based VCSELs is still at a preliminary stage. This work is directed toward
addressing aspects of VCSEL design and performance that may be an input to the ongoing
research and development efforts.

The outcome of this work is the establishment of the technology for high-performance
single-mode and tunable GaSb-VCSELs and development of appropriate device design. As
a part of the device design, the relevant material properties and parameters of materials
utilized in VCSELs have been explored. During the thesis, several VCSEL structures have
been developed in terms of the design and fabrication to generate light emission at 2.6µm,
2.8 µm, 3.2 µm and 3.4 µm for sensing applications. Only VCSELs at 2.6µm show lasing
with all the desired properties. The rest of the structures did not get into working devices
due to lack of high quality epitaxial growth, inappropriate overgrowth cleaning procedure
followed by overgrowth resulting a bad surface morphology and severe electrical problems.
Finally, the suitability of the working lasers has been proved through water vapor measure-
ment.

As already mentioned, GaSb-BTJ VCSELs comprises several crucial components, e.g. top
p-side contact and tunnel junction which influences the electrical performance of the device
to a great extent. The device workability highly depends upon the successful integration
upon these individual components. But with the advent of a better understanding on the
growth of reproducible high quality epitaxial layers with superior surface morphology be-
fore and after the overgrowth, optimization of the atomic hydrogen cleaning parameters,
a controllable and repeatable device processing and a sufficient knowledge on the material
properties and parameters, the future structures could get into working devices.

It is believed that the results presented in this thesis point to a bright future for GaSb-
VCSELs for use in sensing systems and the contributions of this work lead to continued
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improvement in this research area. It is hoped that upon optimizing the structure de-
sign, the improvement of material quality and heat management, a room temperature CW
operation is likely to be achieved in the near future.

Outlook

In the following the discussion for the improvements to present devices will be introduced.

� GaSb-VCSEL on GaAs Substrate
The epitaxial growth of GaSb-based materials on alternative substrates such as GaAs
is highly desirable and has drawn a lot of attention recently. The existing large lattice
mismatch between these two semiconductors is the main obstacle of fulfilling such
desires. The consequence of this mismatch generally leads to the formation of a high
density of threading dislocations which is incompatible with the fabrication of high
performance devices. However, this problem can be overcome by an optimum growth
procedure and introducing an interfacial misfit (IMF) array at the interface between
GaAs and GaSb layer [123]. Lasers operating at room temperature in pulsed regime
emitting at 1.65 µm[124], at 1.82 µm[125] and in CW regime at 2.2 µm[126] have
already been demonstrated using this novel technique. But these devices operate at
a very high threshold current density and a high threshold voltage.

n-GaSb

p+

p-side contact

BTJ

active region

n+

n-side contact

n-GaSb

dielectric mirror

n+ n+
SiO2

n-doped AlAs/GaAs mirror

DBTJ

n-GaAs(100) substrate

IMF

Fig.7.1: Schematic cross-sectional view of a proposed top-emitting GaSb-based VCSEL
with current aperture grown on GaAs substrate, having twofold epitaxial growth

An investigation can be made for the first time on the realization of electrically-
pumped single-mode MIR VCSELs using an AlAs/GaAs Bragg mirror on GaAs sub-
strates. A successful technological realization of such devices would certainly lead
to a great breakthrough in the photonics society. As a matter of fact, compared to
GaSb substrates, GaAs substrates are cheaper, more reproducible in terms of epitax-
ial growth onto it and it has a more mature production technology.
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� VCSEL with Upside-down
The first step towards increasing the thermal conductance of GaSb-based BTJ VC-
SELs is to mount the lasers upside-down on to integrated Au-heatsinks as discussed
in Chap. 4. In such a way, the heat generated in the active region is removed via
the current spreading layer towards Au-substrate which lead to a better performance
compared to the presented devices. However, increased device performance in terms
of the thermal conductance often involves sacrificing the device current tuning rate.

� Reduction of Diffraction Loss
As mentioned in Chap. 3, the selective etching of tunnel junction layers forms a pillar-
shaped profile in the device whose height plays an important role in reducing the
diffraction loss. The lower the pillar height, the lower the diffraction loss. The pillar
height can be reduced to a great extent by reducing the thickness of the topmost cap
layer which is placed on top of the grading layer. But note that the importance of
the 25 nm thick cap layer in the presented devices needs to verified at first. Based on
this investigation, the necessary action can be taken. This height can also be reduced
during the device processing. This can be done by selective etching of ≈ 40 nm mate-
rial in the pillar. Thanks to the reduced BTJ step height which brings an additional
benefit at the same time by obtaining a weaker index-guiding. This will lead to a
large-size device with a high single-mode output power.

� MEMS Tunable VCSEL
Another advanced area where future work could be focused on is the realization a
novel two-chip concept for electrically-pumped and micro-electromechanical system
(MEMS) tunable VCSELs with a tuning range of several tens of nanometer. The ac-
tive part of the device is just like the one with upside-down configuration without top
dielectric mirror as illustrated in Fig. 7.2. The top dielectric mirror can be replaced

n+
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active region

n+ n+

n-GaSb

n-GaSb
n+ n+

mirror

Au-heatsink

top mirror membrane

Si-
submount

Si-
submount

via-hole
contact

Fig.7.2: Schematic cross-sectional view of the MEMS tunable VCSEL, figure modified
from [127].

by the movable top mirror membrane which can be made of GaAs/AlGaAs layers
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giving rise to a very high reflectivity, including the effect of the airgap that serves as
an additional mirror layer. Via-hole contacts through the substrate can be used to
inject a tuning current into the doped membrane layers. This results in a membrane
deflection by ohmic heating. Details of the device concept can be found in [127]. Re-
cently, a micro-electro mechanically tunable VCSEL consisting of an InP half-VCSEL
and a surface micro-machined mirror membrane with a single-mode tuning range of
102 nm has been demonstrated [128].
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crowave Systems and Displays, L. J. Sjöqvist, R.A.Wilson, and T. J.Merlet, (Eds.)
Proc. SPIE 6399, pp. 63990C(1-6), 2006.

[7] C.B. Lens, “Applications growing for mid-IR lasers,” Photonics Spectra, Dec. 2010.

[8] V. Ebert, “In situ absorption spectrometers using near-IR diode lasers and rugged
multi-path-optics for environmental field measurements,” in Proc.Laser Applications
to Chemical, Security and Environmental Analysis, LACSEA 2006, paper WB1, In-
cline Village, USA, Feb. 2006.

[9] J.Wagner, C.Mann, M.Rattunde, and G.Weimann, “Infrared semiconductor lasers
for sensing and diagnostics,” Appl. Phys. A, vol. 78, no. 4, pp. 505-512, Feb. 2004.

[10] L. S.Rothman et al. “The HITRAN 2004 molecular spectroscopic database,”
J.Quant. Spectrosc. Radiat. Transfer, vol. 96, no. 2, pp. 139-204, Apr. 2005.

[11] A. Hangauer, J. Chen, R. Strzoda, M. Ortsiefer, and M.-C. Amann, “Wavelength mod-
ulation spectroscopy with a widely tunable InP-based 2.3 µm vertical-cavity surface-
emitting laser,” Opt. Lett., vol. 33, no. 14, pp. 1566-1568, July 2008.

[12] J. Chen, A. Hangauer, R. Strzoda, and M.-C. Amann, “CO and CH4 sensing with
single mode 2.3 µm GaSb-based VCSEL,” in Proc.Conference on Lasers and Electro-
Optics/International Quantum Electronics Conference, CLEO/IQEC 2009, paper
CThI, pp. 1-2, Baltimore, USA, May 2009.

117



Bibliography

[13] C. J.Vineis, C.A.Wang, and K.F. Jensen, “In situ reflectance monitoring of GaSb
substrate oxide desorption,” J.Cryst. Growth, vol. 225, no. 2-4, pp. 420-425, May 2001.

[14] B.R.Bennett, and B.V. Shanabrook, “Molecular beam epitaxy of Sb-based semicon-
ductors,” A.W.K. Liu, and M.B. Santos (Eds.), Thin films : heteroepitaxial systems,
Singapore: World Scientific, 1999, pp. 401-452.

[15] V. S. Sorokin, S.V. Sorokin, A.N. Semenov, B.Ya.Meltser, and S.V. Ivanov, “Novel
approach to the calculation of instability regions in GaInAsSb alloys,” J.Cryst. Growth,
vol. 216, no. 1-4, pp. 97-103, June 2000.

[16] A.Rakovska, V.Berger, X.Marcadet, B.Vinter, K.Bouzehouane, and D.Kaplan, “Op-
tical characterization and room temperature lifetime measurements of high qual-
ity MBE-grown InAsSb on GaSb,” Semicond. Sci. Technol., vol. 15, no. 34, pp. 34-39,
Jan. 2000.

[17] A.Garnache, A.Ouvrard, L.Cerutti, D. Barat, A.Vicet, F.Genty, Y.Rouillard,
D.Romanini, and E.A.Cerda-Mendez, “2-2.7 µm single frequency tunable Sb–based
lasers operating in CW at RT: Microcavity and external-cavity VCSELs, DFB,” (in-
vited), in Semiconductor Lasers and Laser Dynamics II, D.Lenstra, M.Pessa, and
I.H.White (Eds.), Proc. SPIE 6184, pp. 61840N(1-15), 2006.

[18] H.Q. Le, C.H. Lin, S. J.Murray, R.Q.Yang, and S. S. Pei, “Effects of internal loss on
power efficiency of mid-infrared InAs-GaInSb-AlSb quantum-well lasers and compar-
ison with InAsSb lasers,” IEEE J.Quantum Electron., vol. 34, no. 6, pp. 1016-1030,
Jun. 1998

[19] Y.Mizokawa, O.Komoda, and S.Miyase, “Long-time air oxidation and oxide-substrate
reactions on GaSb, GaAs and GaP at room temperature studied by X-ray photoelec-
tron spectroscopy,” Thin Solid Films, vol. 156, no. 1, pp. 127-143, Jan. 1988.

[20] C. Lin, M.Grau, O.Dier, and M.-C.Amann, “Low threshold room-temperature
continuous-wave operation of 2.24–3.04 µm GaInAsSb/AlGaAsSb quantum-well
lasers,” Appl. Phys. Lett., vol. 84, no. 25, pp. 5088-5090, Jun. 2004.

[21] K.Vizbaras, and M.-C.Amann, “3.6 µm GaSb-based type-I lasers with quinternary
barriers, operating at room temperature,” Electron. Lett., vol. 47, no. 17, pp. 980–981,
Aug. 2011.

[22] D.Barat, J. Angellier, A.Vicet, Y.Rouillard, L. Le Gratiet, S.Guilet, A.Martinez, and
A.Ramdane, “Antimonide-based lasers and DFB laser diodes in the 2–2.7µm wave-
length range for absorption spectroscopy,” Appl. Phys. B: Lasers and Optics, vol. 90,
no. 2, pp. 201-204, Dec. 2007.

[23] K.Rossner, M.Hummer, A. Forchel, R.Werner, and J.Koeth, “GaInAsSb/GaSb type-
II distributed feedback lasers emitting in the 2.8 µm range,” in Proc.Conference
on Lasers and Electro-Optics/Quantum Electronics and Laser Science, CLEO/QELS
2006, paper CMD1, pp. 1-2, Long Beach, USA, May 2006.

118



Bibliography

[24] M.O. Fischer, M. von Edlinger, L.Nähle, J.Koeth, A.Bauer, M.Dallner, S.Höfling,
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