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Supervisor’s Foreword

The last three decades of the twentieth century witnessed two major, but entirely
different, technological developments. Together these have transformed—and will
continue to transform—yvirtually all of the many and varied societies on our planet:
In Europe and in China, in the USA and in India, in Islamic as well as in Buddhist
countries.

Storage of information, whether data or pictures, in memories and the pro-
cessing of this information in computers are the first of these developments. The
importance of the invention of the electronic memory is equal to that of the
invention of the printing press by Gutenberg, which laid the foundation for general
education, in which reading and writing could be taught to every child and not just
a few selected wise men and monks. Soon we will be able to carry the contents of
the Library of Congress with us on a memory stick. The inventions of the transistor
and of integrated circuits, both of which were honored by Nobel prizes, were
decisive milestones for the still continuing development of memories. Electrons
and charges are used to store the bits of information.

Communication, transmission of information and data, any time, anywhere,
almost any quantity, at a speed limited only by the speed of light is the second
major development. Identical information is accessible at the same time to
everybody all over the world, and again not the privilege of a few anymore, as long
as each human being knows how to read and write and his/her access to infor-
mation is not controlled. The invention of the telegraph, utilizing properties of
long wavelength electromagnetic waves, was at the advent of the modern com-
munication society. The invention and continuing development of the telephone,
based on electrical signals carried by copper-based cables, was the second step.
Today again electromagnetic waves are the carriers of information, but now at
wavelengths many orders of magnitude shorter than a hundred years ago, in the
form of photons transmitted on glass fibers,which are replacing electric signals on
copper cables step-by-step. The inventions of the edge-emitting semiconductor
laser and of low loss transparent fibers, again honored by Nobel prizes, are the
milestones of photonic communication technologies.
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viii Supervisor’s Foreword

Today, more than three decades have passed since photons made their debut
carrying information on glass cables across distances of hundreds and then thou-
sands of kilometers. High frequency modulation, wavelength multiplexing, higher
order modulation formats, etc. now enable these systems to carry petabits of
information from continent to continent, forming the basis of the Internet and the
large variety of web-based services. At shorter distances, optical communication
across tens and hundreds of kilometers enabled online banking and video on
demand, soon complemented by streaming. Fiber to the home and fiber in the
building are the present extensions of optical networks to shorter and shorter
distances, presently still dominated by copper cables. Human-centered commu-
nication was in the focus of these first three decades of system developments.

Machine-centered communication at much shorter distances, from meters to
millimeters or, in the more remote future, to micrometers, is the next area being
conquered by optics. The first steps have already been made. Computer, memory
and communication technologies are merging. Modern computers are limited in
their performance by the speed of data input from and output to memories. IBM’s
latest supercomputers employ therefore millions of semiconductor lasers serving
optical links.

The data storage capacity of flash memories, a typical consumer product, is
doubling every 18 months. The data transmission speed presently controlled by
standardized copperbased connectors, being part of the USB 2.0 standard, is much
too slow for fast transfer of large amounts of data, and presents a performance
bottleneck preventing full use of the next generations of flash. The USB 3.0
standard, being currently introduced, will have dual electrical and optical inter-
faces and the following USB 4.0 standard will be solely optical.

Optical board-to-board and chip-to-chip interconnects in computers is the other
challenging subject of research and development in the near future.

A completely different type of laser, invented only about two decades after the
edgeemitting laser, the vertical cavity emitting laser (VCSEL), is employed for
machine-centered communication. Its footprint is typically two orders of magni-
tude smaller than that of an edge emitter, which means that an array of 100 of such
lasers takes as much surface as one edge emitter. VCSELSs can be tested on-wafer,
have a symmetric beam profile, meaning that the focusing optics are inexpensive,
deliver output power in the range of milliwatts and can be much more temperature
stable than typical edge emitters in those properties decisive for system applica-
tions. Their cost of production can be scaled down under future mass production
conditions to values close to those of LEDS. Such lasers were initially ignored for
applications because of their very large threshold current density and limited
reliability and power conversion efficiency until the mid 1990s. Then the oxide
aperture technology was invented, solving all these problems at once, at least for
GaAs-based devices. Later on different solutions were developed to solve these
problems for InP-based VCSELSs.

The wavelengths of 850 and 980 nm presently employed for machine-centered
communication systems are much shorter than those for human-centered com-
munication,which are 1310 and 1550 nm, but the demands on modulation
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capabilities of the devices are identical: the faster the better. In addition the
demands on stability of all properties across a large temperature range up to 85 or
120°C are enormous. Such short-wavelength VCSELs are based on GaAs tech-
nology. Until recently, most of their commercial producers argued, based on their
practical experience, that the maximum modulation frequencies of GaAs-based
VCSELs are limited at room temperature to 10 GHz, allowing data rates of about
15 Gbit/s at bit error rates of 10~'%. The cutoff frequency is controlled by intrinsic
properties of the gain medium, parasitics and thermal effects. However, three-
dimensional numerical models of the dynamics of VCSELs, solving self-con-
sistently the Schrodinger, Maxwell and Helmholtz equations, which would allow a
reasonable prediction of the maximum modulation rate, presently do not exist: The
challenges involved in solving these equations across 12 orders of magnitude in
time and 6 orders of magnitude in space are large.

Based on one decade of experience of VCSEL development in my research
group, Alex Mutig, in his diploma work and the present Ph.D. thesis, has inves-
tigated and challenged the limits of high speed/bit rate operation of these devices
using a semiempirical approach. He investigated in great detail all the different
relevant properties and limits of the various types of VCSELs he designed, also as
a function of temperature, and traced them back to the three groups of “funda-
mental” limits, using separate modeling approaches. Astoundingly he discovered
that these limits can be pushed to values almost a factor of two larger than
previously thought if one modifies both the vertical structure—including the gain
medium—and the processing technology. In addition, he demonstrated that the
dynamic properties of high speed VCSELs can be maintained up to the high
temperatures demanded by system manufacturers. Following his systematic
approach, further extensions to larger bandwidth and higher temperature seem to
be possible.

This book, based on his Ph.D. thesis, discusses therefore all relevant design issues,
the technologies required and high speed/data rate measurement techniques up to
the 40 Gbit/s reached for short-wavelength VCSELSs in a way understandable for
nonspecialists. I wish you an interesting and enlightening time reading the book.

Berlin, August 2010 Prof. Dieter Bimberg
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Chapter 1
Introduction

1.1 Introduction

The progress of human society continues at a permanently increasing tempo.
Acceleration of both individual and social human development creates new
challenges and requires ever faster reactions to the rapidly changing conditions.
While at the beginning of the human era progress was caused mainly by evolu-
tionary changes of the human body, later progress in the intellectual sphere began,
and is nowadays the main driving force of the development of the human society,
as illustrated by Fig. 1.1 [1]. Communication and information exchange between
individual members of society play here a decisive role. To know not only how to
do something but also when and where became an indispensable precondition for
the success of an individual as well as of the whole society. Starting from simple
verbal information exchange, communication has developed through the invention
of script, books, printed mass media, radio, telephones, television and, more
recently, computers and the Internet to a vital basis of our society. All of industrial,
technological, scientific, cultural and social progress would be impossible without
efficient communication.

Efficient communication requires advanced technologies for fast data transfer
from one place to another. While in the past fire, smoke, doves and horses were
used to send a message, today modern data transmission lines based on copper
wires and optical fibers or even wireless information exchange over radio, tele-
vision and satellites are utilized, so that signals are transmitted by electrons and
electromagnetic waves. In the following, an overview of modern communication
technologies will be presented, special attention being paid to the ever increasing
role of optical data transmission lines and particularly to vertical cavity surface
emitting lasers (VCSELs) [2-6], as one of the most promising laser light sources
for the future optical interconnects [7—10].

A. Mutig, High Speed VCSELs for Optical Interconnects, Springer Theses, 1
DOI: 10.1007/978-3-642-16570-2_1, © Springer-Verlag Berlin Heidelberg 2011
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Fig. 1.1 Human progress: from the evolution of the body to the evolution of the mind
1.2 Optics in Telecom and Datacom and the Role of VCSELSs

The length of a data transmission line has a strong impact on the quality of the
transmitted signal and determines the absolute values of the important physical
quantities, e.g. electrical resistance, optical absorption, optical dispersion, and
overall losses. Therefore it appears logical to classify data transmission lines with
respect to their length. The longest communication lines span distances of many
thousand kilometers, for example the intercontinental fiber-based links between
North America and Europe, Asia and Australia, etc. The shortest interconnects
could be only several micrometers or even shorter in length, for example within a
microprocessor chip in a personal computer.

Since computers, both personal computers and high performance computers
(HPC), are nowadays the main tools for the information processing, it makes also
sense to distinguish between data transmission lines outside computer and inside
computer. In Fig. 1.2 the hierarchy of the data links outside computer is presented.
On the bottom arrow the today’s role of the optical technologies on the corre-
sponding hierarchy level together with the approximate starting date of their
application in the past are shown (based on [11]).

Depending on the transmission distance one can distinguishes between the
global area network (GAN), wide area network (WAN), metropolitan area network
(MAN) and local area network (LAN). Historically one speaks by longer dis-
tances, like in the case of the GAN, WAN and MAN, about telecommunication
(Telecom), while by shorter distances, like within a LAN or shorter, it is common
to use the term data communication (Datacom). Transmission distances within the
GAN can reach many thousand kilometers, for example in intercontinental links,
while a WAN commonly connects different cities of one or several countries with
typical distances of several tens to thousands of kilometers. The area of a MAN is
mostly limited to the area of a city and a LAN commonly transfers data between
several computers within one building or a building complex.

As can be obtained from Fig. 1.2, optical technologies are ubiquitous in all
types of the networks since the end of the last century. While at longer distances
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several meters to several to tens of tens to thousands of thousands of
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Fig. 1.2 Network hierarchy for the data transmission lines outside computer with a short
description of the role and the approximate starting date of the usage of the corresponding optical
technologies

edge emitting lasers at wavelengths around 1550 and 1310 nm, at which respec-
tively minimum of absorption and dispersion in the optical fibers occur, are uti-
lized, for the LAN applications oxide-confined VCSELSs [12, 13] emitting around
850 nm have established themselves as very reliable and cost-effective laser light
sources. The success of the VCSELs is determined by their unique physical
properties, leading to decisive advantages for short reach data communication as
compared to the edge emitting lasers, which are among other [14]:

a near circular output beam with a small divergence angle, determined by the

circular shape of the VCSEL mesa and thus the near circular shape of the oxide

aperture;

— stable modes and emission spectrum, determined by the stability of the physical
properties of the VCSEL cavity;

— low threshold current and low power consumption, determined by the small
volume of the active region;

— large differential efficiency, determined by the controllable internal and mirror
losses;

— high temperature stability at milliwatts of peak output power, determined by the

lower temperature shift of the cavity resonance wavelength as compared to the

larger shift of the gain peak wavelength, caused by the larger shift of the band

gap energy of the active material;
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Fig. 1.3 Different levels of Box level Rack level Cluster level
interconnects inside computer (board-to-board) (box-to-box) (rack-to-rack)
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— planar processing and on wafer characterization, enabling inexpensive produc-
tion and testing of VCSELs and 2-dimensional VCSEL arrays;
— high reliability and easy packaging.

Oxide-confined VCSELs emitting around 850 nm are commercially available
since roughly a decade. Many millions of VCSELs are fabricated yearly with very
mature, robust, cost-effective large-scale mass production processes by many well
established companies [15-17]. Today 850 nm oxide-confined VCSELs operating
at bit rates of up to 10 Gbit/s are commercially available on the market.

To bring the signal to a computer is only one important part of the information
transfer process. The second, equally important part is to provide technologies for
data exchange between different components within a computer. Again, for this
task one can distinguish between different levels of interconnects inside computer,
depending on the transmission distance, as shown in Fig. 1.3.

Together with the different levels of interconnects inside computer also
approximate date in the past or predicted date for the future for the entering of
optics into corresponding market segment is shown (based on [18]). The distances
of interconnects inside computer could vary from several hundred meters for the
rack-to-rack connections in a supercomputer down to only several millimeters or
even several micrometers for the on-chip interconnects. Nowadays optics is
common on the cluster level for the rack-to-rack interconnects and on the rack
level for the box-to-box interconnects. Currently optical technologies are coming
to the box level for the board-to-board interconnects with data transmission dis-
tances of several tens of centimeters. For this purpose active optical cables (AOC)
mainly based on short wavelength VCSELs are widely used, which have decisive
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Fig. 1.4 Personal area )
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advantages as compared to the copper-based cables, which are among other longer
transmission distances, less weight, less volume, smaller bend radius and lower bit
error rates (BER) [19]. Since no wavelength was standardized for this kind of
applications until now, different companies use VCSELs emitting at different
wavelengths, commonly around 850, 980 or 1100 nm. The market of the AOC is
rapidly growing and is predicted to exceed 2.4 billions US dollars in the year 2014
with approximately 48 millions cables installed [20]. Compared to the predictions
for the year 2010 this would be a growth by more than one order of magnitude,
opening unique perspectives for the significant growth of the market for high speed
short wavelength VCSELSs. A noticeable part of the growth of the AOC market and
thus of the VCSEL market would be caused by the expansion to applications based
on the universal serial bus (USB) and high definition multimedia interface (HDMI)
standards. Since a portable device could be directly connected to a computer, such
types of interconnects belong with respect to their length to somewhere between
interconnects outside computer and interconnects inside computer, and can be
considered as a part of the personal area network (PAN). A PAN connects a
computer to portable devices like USB-sticks, mobile phones, etc., as demon-
strated by Fig. 1.4, and has typical data transmission distances below 10 m. Also
future optical interconnects for data transfer over distances up to several meters
between a computer and portable devices, like for example those based on the
Light Peak technology [21] recently announced by Intel, could be considered as a
part of a PAN and will definitively lead to the noticeable growth of the VCSEL
market.

Penetration of the optics into ever shorter interconnects will continue in the
near future, as can be obtained from Fig. 1.3. Just in the next few years it is
expected that optical interconnects will expand to the board level for the module-
to-module data transfer [22]. After approximately 2015 optics will come also to
the module level for the chip-to-chip and to the chip level for the on-chip data
transmission. The strong attenuation and distortion of the high frequency signal



6 1 Introduction

in the copper-based links at distances of 1 m and longer, which are typical for
the data transmission on the cluster, rack and box levels and also for the LAN
and other types of networks, and at frequencies above 10 GHz lead to the
unavoidable exchange of the copper-based interconnects by the optics in these
application areas. At shorter distances the physical copper limitations caused by
the high density of interconnects, among other electromagnetic interference
(EMI), crosstalk and high power consumption, are the main driving forces for the
usage of optics there [23-27]. However there are also additional requirements for
the electro-optical components for applications at shorter transmission distances.
The main required property additionally to the high speed is the high temperature
stability, especially for the laser light sources [28], since lasers should be placed
directly near the data source on-board, inside the module or even directly on-
chip, where temperatures could achieve values of 85°C or even higher.

The persistent pressure on the market leads to significant investment of
recourses into the research and development of high speed optical components
capable to replace the copper-based links in the future interconnects. Both
industrial companies and academic organization are currently working on these
topics. While for the optical data transmission lines outside computer (Fig. 1.2)
general concepts are relatively well established and the main effort is to improve
the existing performance, for optical interconnects inside computer (Fig. 1.3) the
concepts themselves are also under investigation in different projects like Terabus
from IBM [29, 30] or Multiwavelength Assemblies for Ubiquitous Interconnects
(MAUI) from Intel [31]. The ultimate goal for the optical interconnects outside
computer is to bring data with a very high speed using optical technologies directly
to the home, the so-called fiber-to-the-home (FTTH) concept [32]. The ultimate
goal for the optics inside computer is to transfer data by light at all levels, even at
the very short distances on-chip. As distances become shorter and the density of
interconnects and the number of the transmission lines grow, the fabrication costs
of a single laser start to play an ever increasing role in the total costs. VCSELs, as
very inexpensive low power reliable laser light sources, benefit from this trend
decisively. Nowadays oxide-confined GaAs-based VCSELs dominate the Datacom
market.

The cheaper alternative to the GaAs-based VCSELSs would be Si-based optical
interconnects, which would strongly benefit from the well established inexpensive
silicon fabrication technology [33]. However the main obstacle of the silicon
photonics is the nature of the silicon, which is a semiconductor with an indirect
band gap, making lasing in the silicon material practically impossible. Different
approaches have been proposed to overcome this problem and significant results
have been achieved on the field of silicon photonics in the past, among other
successful demonstration of the distributed feedback silicon evanescent laser
(DFB-SEL) with the active region based on III-V materials [34-36], AlGalnAs-
silicon evanescent racetrack lasers and photodetectors [37], mode-locked silicon
evanescent lasers operating up to frequencies of 40 GHz [38], AlGalnAs-silicon
Fabry—Perot (FP) lasers [39], hybrid AlGalnAs-silicon evanescent amplifiers [40],
Ge-on-SOI waveguide photodetectors operating at bit rates of up to 40 Gbit/s [41]
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and silicon-based modulators operating at bit rates of up to 40 Gbit/s [42]. These
approaches however utilize novel concepts, which require maturity proof to show
their suitability for the commercial large-scale cheap mass production and reliable
operation over years. Oxide-confined GaAs-based VCSELs have compared to
these novel Si-based concepts the major advantage of the market presence since
roughly a decade and have been proven to be very reliable and inexpensive laser
light sources, while having similar high speed characteristics, as we will see in the
next sections.

As can be obtained from the overview of the optics in the Telecom and
Datacom applications, optical interconnects are ubiquitous for data transfer outside
the computer on the LAN, MAN, WAN and GAN levels. They penetrate
unstoppable to ever shorter distances and will reach in five to ten years the chip
level, The major role as inexpensive, low power and reliable laser light sources on
all levels of optical interconnects starting from LAN down to the cluster, rack and
box levels belongs to the GaAs-based oxide-confined VCSELs. Future develop-
ment and expansion of the optical interconnects to the board, module and chip
levels will be definitely based on the short wavelength VCSELs, at least until
potential novel revolutionary concepts will be investigated and ready to enter the
market. Consequently, the demand for high speed VCSELs will continue to grow,
driving the research and development in this area to new records and bringing new
VCSEL-based products to the market.

1.3 Moore’s Law in Datacom

After we have investigated the role of the optical interconnects in the overall data
transmission process and especially the role of the VCSELSs as the major laser light
sources for Datacom application both outside and inside the computer today and in
the future, the next question is: what is the main goal of the research and devel-
opment on the area of high speed VCSELSs for optical interconnects? To answer
this question one can consider the driving forces of the improvement of the per-
formance of interconnects.

More than 40 years ago the great visionary and co-founder of Intel Gordon
Moore has introduced an empirical law, which predicts that the number of tran-
sistors on a chip will double approximately every two years [43—45]. Nowadays
this law is known as the Moore’s law, by the name of its inventor. This trend,
predicted in the year 1965, holds over decades and is expected to continue also in
the future. International Technology Roadmap for Semiconductors (ITRS) predicts
in the edition 2007 that the future trends of the cell and logic gate size and of the
number of transistors per chip will follow the Moore’s law also in the next decade
[46], as demonstrated by the Fig. 1.5.

The direct conclusion of the Moore’s law is the permanent increase of the
computational power of computers, based on chips capable to handle larger and
larger amount of information at ever increasing speed. Directly in consent to
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silicon integrated circuit scaling, the forecast for the serial transmission data bit
rates standardized for interconnects is a continued exponential increase with time,
as shown in Fig. 1.6, where maximum standardized commercial single channel
data rate in the past and also predictions for the future are demonstrated for
different standards, among other Common Electrical Interface (CEI), HDMI, USB,

Ethernet, etc.

All presented standards follow the same trend: the single channel data rate
increases exponentially with the time by a factor of approximately four within
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roughly five years. Today single channel data rates reach the value of 10 Gbit/s.
Following the trend, electrical interfaces for serial transmission at speeds beyond
10 Gbit/s are being standardized for a variety of applications including for
example (with an expected data-rate): Fibre Channel FC32G (34 Gbit/s), Infini-
band (20 Gbit/s), common electrical interface CEI (25-28 Gbit/s), and universal
serial bus protocols USB 3.0 (accepted up to 25 Gbit/s). For such high bit rates the
maximum copper wire-based link is limited to distances below 1 m at the highest
speeds, so that no serial copper-based solution for the shaded area in Fig. 1.6 at bit
rates larger 10 Gbit/s for mostly applications exists at the moment. Thus the only
chance to fulfill the standards and to reach data rates above 10 Gbit/s at distances
longer than ~1 m is the usage of optical interconnects. Because of the large
number of required links, the market pressure, enabling only very inexpensive
solutions, and the needed low power consumption, defined by the nature of
applications, VCSEL-based interconnects are today the only realistic solution.
Thus, one can conclude, that the progress in the silicon integrated circuits,
following the Moore’s law, immediately drives the progress of the data transmis-
sion lines, requiring ever higher bit rates, which can be enabled only by the optical
technologies. The bit rate of 10 Gbit/s for the serial transmission is the border, after
which copper-based links bump into their physical limitations. Just in the nearest
future VCSEL-based optical interconnects operating at bit rates of 20-30 Gbit/s
and even higher will be urgently required by the market. Since the maximum bit
rate of the present commercially available VCSELs is 10 Gbit/s, the main goal of
the VCSEL research and development is to push the bit rate to higher values,
simultaneously meeting other important requirements, among other high temper-
ature stability, low power consumption, excellent reliability, etc., and maintaining
the established mature inexpensive large-scale mass production VCSEL technol-
ogy, without introducing new complicated growth or device fabrication steps.

1.4 Recent Progress on High Speed VCSELSs

Following the motivation presented in the previous sections, many industrial
companies, universities, research centers and institutes have focused their activity
on the development of high speed GaAs-based VCSELs emitting at wavelengths
around 850, 980 and 1100 nm. This has led to a significant progress on the field of
short wavelength VCSELSs in the recent years. At different wavelengths different
maximum bit rates have been measured, but the overall trend is unmistakable: at
all three wavelengths bit rates beyond 30 Gbit/s have been achieved within the last
three years and the expectations for new records remain very high. Also at longer
wavelengths, for example at 1310 [47] and 1550 nm [48], the trend goes to larger
bit rates. The remarkable progress on the field of high-speed VCSELSs reflects the
immense effort made by the researchers all around the world to increase the
bandwidths of the lasers. Many novel concepts, among other photonic crystal
VCSELs (PhC-VCSELs) [49, 50], proton implanted holey VCSELs [51] and
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VCSELs with novel active regions [52], have been applied in order to increase the
modulation bandwidth. In the following an overview about the state-of-the-art high
speed VCSEL results will be presented, distinguishing between different emission
wavelengths, since important physical properties, like free-carrier absorption, non-
radiative recombination, etc., and corresponding challenges are different
depending on the laser wavelength. Thereby we will limit our discussion to the
shorter wavelengths of 850, 980 and 1100 nm, since these are the wavelengths of
the GaAs-based high speed VCSELs important for the Datacom applications.

1.4.1 State-of-the-art of 850 nm VCSELs

The most interesting wavelength from the standardization point of view is the
wavelength of 850 nm, since it has been already standardized for LAN and storage
area network (SAN) applications and definitely will play an important role in the
upcoming future standards. Excellent infrastructure for applications targeting
850 nm exist, including optical fibers optimized to 850 nm and relatively in-
expensive GaAs photodetectors operating around 850 nm. The wavelength of
850 nm has also several physical advantages compared to longer wavelength.
The major physical advantage is the lower free carrier absorption coefficient of
the AlGaAs material as compared to longer wavelengths, since the absorption
coefficient increases with the wavelength. Combined with the thinner layers,
caused by the shorter wavelength compared to 980 or 1100 nm, this results in the
overall lower absorption, enabling higher doping levels and thus lower electrical
resistances, and decreasing threshold carrier densities, which is decisive for high
speed operation.

Different materials for the active region emitting around 850 nm can be utilized
and have been reported, among other GaAs itself [53], InGaAs [54, 55], InAlGaAs
[56] and InGaAsP [57]. In the most of commercially available 850 nm VCSELs
GaAs quantum wells (QWs) are utilized, which have confirmed their maturity and
reliability within the last decade. By adding of In into the active layers com-
pressive strain can be introduced, increasing the differential gain and thus the laser
speed. This concept is used in the present state-of-the-art high speed 850 nm
VCSELs and also in the devices developed in the scope of this dissertation,
enabling to reach error free operation at bit rates as high as 38 Gbit/s with very
good perspectives to reach bit rates of 40 Gbit/s and even more.

Already in 2001 oxide-confined VCSELs operating at 20 Gbit/s and emitting
around 850 nm have been demonstrated by IBM [58]. It took practically seven
years to increase the bit rate of 850 nm VCSELSs to 30 Gbit/s. Finally in 2008 the
group of Finisar has demonstrated 850 nm VCSELs with GaAs QWs as active
region operating at 30 Gbit/s with the maximum bandwidth of 19 GHz [53].
Starting from 2008 the development of high speed 850 nm VCSELs speeded up.
Within just two years the maximum bit rate was increased to 38 Gbit/s. The first
step was done by the research group of Prof. Dr. Larsson from the Chalmers
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University of Technology in Sweden, who has applied compressively strained
InGaAs QWs as active medium and successively increased the bit rate from
25 Gbit/s [59] to 28 Gbit/s [60] and further to 32 Gbit/s [54, 55]. One of the major
improvements additionally to the compressively strained InGaAs QWs was the
introduction of the double oxide aperture, decreasing the parasitic capacitance and
increasing the maximum modulation bandwidths, which was as high as 20 GHz.
At the elevated temperature of 85°C these VCSELs operated error free at bit rates
up to 25 Gbit/s.

Although the bit rate of 32 Gbit/s has been reached, the way to reach 40 Gbit/s
still appeared to be long, until the authors have pushed the maximum achieved bit
rate of 850 nm VCSELs to 38 Gbit/s [61, 62], bringing the bit rate of 40 Gbit/s
within reach. Additionally to the compressively strained InGaAs QWs in the active
region and to the double oxide aperture, optimized cavity region together with
advanced device design with two mesas and thick dielectric layers was applied to
increase the relaxation resonance frequency and to reduce electrical parasitics,
both increasing the bandwidth. These lasers are at the moment to the best of our
knowledge the worldwide fastest VCSELs operating at 850 nm and the fastest
devices of any oxide-confined VCSELs.

1.4.2 State-of-the-art of 980 nm VCSELs

The wavelength of 980 nm has several advantages as compared to 850 nm, in spite
of larger free carrier absorption coefficient. The main advantages are deeper
barriers, suppressing escape of non-equilibrium carriers and thus improving tem-
perature stability of the gain, the easier possibility to apply strained materials to
improve differential gain, the transparency of GaAs at this wavelength, enabling
light extraction through the bottom mirror and the substrate, and lower operating
voltages, caused by the lower photon energy, which is very important for the low
voltage complementary metal oxide semiconductor (CMOS) drivers. The wave-
length of 980 nm is nowadays commonly used for pumping Erbium-doped fiber
amplifiers (EDFA). However, in view of the advantages described above it
becomes also important for VCSEL-based Datacom applications, leading to
research and development of high speed and also high temperature stable 980 nm
VCSELs and VCSEL arrays.

In the framework of the Terabus program 980 nm VCSELs and VCSEL arrays
operating at bit rates of up to 20 Gbit/s were developed by IBM already in the
years 2005 and 2006 for the future chip-to-chip optical interconnects [29, 30, 63].
One year later, in 2007, the maximum bit rate for the error free operation of
980 nm VCSELs was drastically increased by the group of Prof. Dr. Coldren from
the University of California in Santa Barbara to 35 Gbit/s [64, 65]. They have used
tapered oxide aperture with deep oxidation layers and optimized doping profiles,
leading to achieved maximum bandwidth of larger than 20 GHz. These are cur-
rently the worldwide fastest 980 nm VCSELs.
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Although such high bit rate at room temperature was achieved, at elevated
temperatures the maximum bit rate was initially limited to 20 Gbit/s at 85°C,
demonstrated by our group at the Technical University of Berlin in 2006 [66, 67].
The VCSELSs have utilized active layers grown in the submonolayer (SML) growth
regime. By further improvements of the device design by the authors within the
framework of this dissertation the operation temperature could be increased to
120°C for the high speed VCSEL operation at the bit rate of 20 Gbit/s [68, 69],
which is at the moment to the best of our knowledge the highest temperature at
which an open eye operation of any VCSEL at any wavelength at 20 Gbit/s have
been reported. These were to the best of our knowledge worldwide first VCSELs
showing an open eye at 20 Gbit/s at such high temperatures. In the year 2007
Agilent researchers have demonstrated 980 nm VCSELSs operating at 25 Gbit/s at
70°C [70]. In the framework of this dissertation 980 nm VCSELs demonstrating
open eye diagrams at the bit rate of 25 Gbit/s at temperatures of up to 85°C were
realized by the authors, increasing the operation temperature of 980 nm VCSELs
at 25 Gbit/s further.

1.4.3 State-of-the-art of 1100 nm VCSELs

The wavelength of 1100 nm provides even more advantages from the thermal
point of view because of the even larger possible band gap discontinuities com-
pared to the wavelength of 980 nm. Operation voltages are lower as well. How-
ever, the negative trade-off is the higher losses at 1100 nm compared to shorter
wavelengths. Nevertheless this is the wavelength at which first VCSELs operating
at bit rates as high as 40 Gbit/s have been demonstrated [71, 72]. These were
InGaAs-based oxide-confined 1100 nm VCSELSs developed by the researcher from
NEC.

Already in the year 2006 this group has demonstrated oxide-confined VCSELs
emitting at 1100 nm and operating at bit rates of up to 25 Gbit/s [73]. Later also
25 Gbit/s operation of 1100 nm VCSELSs at the elevated temperature of 100°C has
been presented by the same group [74]. In the year 2007 the NEC group has
demonstrated 1100 nm VCSELs based on the buried tunnel junction, which have
operated at the bit rate of 30 Gbit/s [75-77]. Finally in the same year the bit rate of
40 Gbit/s using VCSELSs based on the buried tunnel junction has been achieved by
the NEC group [71, 72]. These are presently the fastest VCSELs of any VCSELSs.
However to form the buried tunnel junction (BTJ) an additional growth step is
required, making the fabrication of such devices more complicated and expensive.

InGaAs-based VCSELs from NEC have demonstrated excellent reliability
[72, 74, 78], confirming the maturity of InGaAs QWs for real world VCSEL
applications. Although VCSELs operating at 40 Gbit/s have been demonstrated,
these were devices based on the tunnel junction without oxide apertures. The
fastest of any oxide-confined VCSELSs, which are straightforward in the fabrication
and thus inexpensive in the large-scale manufacturing, are currently to the best of



Recent Progress on High Speed VCSELSs 13

our knowledge the 850 nm QW-VCSELs developed by the authors in the
framework of this dissertation, which operate at the bit rate of 38 Gbit/s.

1.5 Dissertation Contribution and Overview

The main goal of this dissertation was to investigate and develop high speed
directly modulated GaAs-based oxide-confined VCSELs emitting at the wave-
lengths around 850 and 980 nm for the future ultra-high speed short and ultra-short
reach optical interconnects. Special attention was paid to improvement of
the thermal stability of the lasers, especially for upcoming applications inside
computers. Additionally, straightforward fabrication process compatible with
inexpensive scalable mass production technology should be developed, simulta-
neously enabling high speed reliable operation of the fabricated VCSELs at bit
rates of 35 Gbit/s and larger, sufficient enough for the targeted applications.
Complicated growth steps should be avoided as well, leaving the overall manu-
facturing process convenient and inexpensive.

Within the scope of this dissertation three types of VCSELs were investigated:
the 980 nm VCSELs based on the InGaAs active layers grown in the submono-
layer growth mode (980 nm SML-VCSEL), the 980 nm VCSELs based on the
InGaAs QWs (980 nm QW-VCSELs) and the 850 nm VCSELs based on the
InGaAs QWs (850 nm QW-VCSELSs). While the ultimate goal of the 850 nm QW-
VCSELs was to achieve error free data transmission at the largest possible bit rate
at room temperature, VCSELs emitting at 980 nm were optimized for the tem-
perature insensitive high speed operation.

The investigation within the framework of this dissertation resulted in the
worldwide first 850 nm VCSELs operating error free at the bit rate of 38 Gbit/s.
These were also first of any oxide-confined VCSELs operating at such high bit
rates. The main achievement of 980 nm SML-VCSELs was the worldwide first
demonstration of open eye operation at 20 Gbit/s at elevated temperatures of up to
120°C. These were to the best of our knowledge worldwide first of any VCSELs
operating at 20 Gbit/s at such high temperatures. With 980 nm QW-VCSELSs open
eye operation at 25 Gbit/s at 85°C were achieved, confirming the maturity of the
980 nm VCSELs for the future Datacom application requiring high temperature
stability.

The present dissertation consists of six chapters. In the first chapter the over-
view of data transmission lines and the role of optical technologies, especially of
the directly modulated GaAs-based VCSELSs, today and expectations for the future
are given. Nowadays optics is indispensable for our communication and its role is
continuously growing. VCSELSs present thereby one of the key basic technologies
for successfully development of the future optical interconnects.

In Chap. 2 theoretical background necessary for understanding and successful
designing of the high speed laser properties is introduced. Optical, electrical and
thermal phenomena are described. An introduction into the rate equation model
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required for correct analysis of the measured high speed results is given as well.
Concepts applied for the development of the high speed VCSELs investigated in
this dissertation are presented, together with important simulation results.

Chapter 3 deals with the growth and fabrication techniques applied for the
VCSELSs developed in this dissertation. Special attention is paid to the description
of the straightforward laser fabrication process.

In Chapter 4 results and discussion of the high temperature stable 980 nm
VCSELs are presented. First, measurements on the 980 nm SML-VCSELs are
described, followed by the results of the 980 nm QW-VCSEL. Continuous wave
(CW) and high frequency (HF) measurements are discussed.

Chapter 5 presents measurement results of the high speed 850 nm QW-
VCSELs. CW, small and large signal modulation measurements are described. Bit
error rate (BER) measurements are presented as well.

Finally, Chap. 6 concludes and summarizes the investigations carried out within
the scope of this dissertation and gives an outlook for the future works both on
improvements of the VCSELs described in this dissertation and on further
developments of high speed devices for future optical interconnects.

Appendix presents description of the measurement setups used for investiga-
tions in the scope of this dissertation. Setups for measurement of static and
dynamic VCSEL characteristics and used equipment are described in details.
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Chapter 2
Physical Processes in Lasers

and VCSEL Design

Semiconductor laser physics is both a very complicated and at the same time a
very exciting field. Many excellent books about the physics of semiconductor
lasers and other photonic devices have been published, among other [1-4].
Physical processes taking place inside of a laser chip are of intricate nature.
Optical, electrical and thermal phenomena have equal importance for the laser
operation. Also mechanical phenomena, for example stress, should be consid-
ered. Moreover, these phenomena are not independent from each other but build
in their strong and commonly non-linear interactions a complex picture of the
physical processes inside of a device. For example current flow generates heat,
temperature changes affect among other electrical resistance and refractive index
of semiconductor materials, presenting photons change carrier concentrations due
to absorption and so on. Many physical processes naturally arise from interac-
tions between different fields or particles. For example generation and absorption
of the light is an opto-electrical interaction phenomenon between photons
and electron-hole pairs. Nonradiative recombination is an interaction process
between carriers and phonons, thus an electro-thermal process. For VCSELs the
interactions between various physical processes become even stronger than for
edge emitting lasers because of their smaller volume, where some dimensions
become comparable to the wavelength of the emitting light. For a correct
understanding of the VCSEL operation optical, electrical and thermal processes
inside of the laser should be considered together, including all important inter-
actions. In Fig. 2.1 interactions between different physical phenomena inside of a
VCSEL are shown.

Additionally, because in the modern semiconductor lasers active regions uti-
lizing quantum effects, e.g. QWs or quantum dots (QDs), are implemented, the
correct description of the physical processes like photon emission or absorption
should be carried out using quantum mechanics. To make the picture even more
complicated, time dependence could be introduced, since one is often interested in
the modulation properties of lasers.

A. Mutig, High Speed VCSELs for Optical Interconnects, Springer Theses, 19
DOI: 10.1007/978-3-642-16570-2_2, © Springer-Verlag Berlin Heidelberg 2011
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Fig. 2.1 Optical, electrical

and thermal phenomena in a Optical y Electrical \\"\.\
§emicor}ductor laser and their ph enomena '-.\ phenomena /....‘
interaction

Ideally, a complete opto-electro-thermal three-dimensional model with quan-
tum mechanical description of the active region should be used in order to get the
complete picture of the physical processes inside of a VCSEL. In fact such
advanced models, dealing with complete or partially coupled opto-electro-thermal
phenomena, exist both commercially [5-8] and also in the research groups [9].
Unfortunately their application is very recourse-consuming and usually requires
powerful super-computers equipped with parallel processors and enormous
amount of memory. In addition, to operate such software efficiently is mostly time-
consuming and requires a lot of experience in complicated theoretical simulations
of semiconductor devices.

Fortunately, in order to understand basic principles of VCSEL operation, to be
able to analyse measurement results efficiently and to design new devices
correctly, the application of the complex three-dimensional coupled opto-thermo-
electrical models is not implicit necessary. Having a deeper understanding of the
physical processes inside of the laser and knowing the basic semiconductor laser
theory enable to solve the tasks, that are important for VCSEL designing and
analysis, using simpler models. In this case optical, electrical and thermal prop-
erties of a VCSEL could be treated separately and all necessary interactions
between these phenomena could be considered manually.

In this work optical, electrical and thermal properties of VCSELs have been
investigated using decoupled models. Physical parameters, which have been
extracted from these individual models, have been then used for device designing
and analysis under application of the rate equation model for photon and carrier
dynamics.

2.1 Optical Properties

The main purpose of any laser is to generate light, and light is an electro-magnetic
wave and thus an optical phenomenon. That is why the optical properties of any
laser are playing an important role in the laser physics. In many cases one-
dimensional treatment of the optical fields is sufficient. From the other side, many



2.1 Optical Properties 21

important laser characteristics, especially in the case of VCSELs, could not be
calculated from one-dimensional models, making three-dimensional simulations
necessary. The presence of the rotation symmetry in VCSELs simplifies the sit-
uation, thus effectively two-dimensional optical simulations could be sufficient.

A commonly used model for one-dimensional calculations is the transmission
or transfer matrix method [2], which is very fast and easy to use. This model
enables easily to calculate among other reflectivity spectra of the multilayered
distributed Bragg reflectors (DBR), which act as top and bottom mirrors,
longitudinal standing wave pattern inside of the VCSEL cavity and the cavity
dip position. This basic information is inalienable for the correct VCSEL
designing. Nevertheless for a deeper understanding of the optical laser prop-
erties, especially for oxide-confined VCSELs, three-dimensional field distribu-
tions for the ground and also higher order lasing modes as well as important
mode parameters, e.g. mode volume and optical confinement factor, should be
accessible. Such kind of calculations could be carried out only by three-
dimensional or, in the case of the presence of rotation symmetry, also by two-
dimensional models.

Several models for two-dimensional and three-dimensional simulations exist
and can be divided into scalar, vectorial and hybrid models. Scalar models solve
scalar Helmholtz equation and are commonly fast, but not very accurate in han-
dling the higher order lasing modes or devices with smaller dimensions. Vectorial
models solve Maxwell’s equations exactly, without any approximations. These
models are slower than scalar methods but can handle every optical field, including
also those with a relatively large transverse wavevector component, like in the case
of higher order modes or smaller devices, accurately. Hybrid models are in
between and apply both scalar and vectorial approaches to deal with different
optical subproblems.

Commonly used scalar models are the effective index model [10], the effective
frequency method [11] and the effective index model with eigenmodes [12]. From
the vectorial models the Green’s function model [13], the full-vector weighted
index method [14] and the eigenmode expansion with perfectly matched layers
(PML) [15, 16], are commonly used. An overview and a comparison of different
optical models could be found in [17].

In this work both the one-dimensional transfer matrix method and the three-
dimensional eigenmode expansion technique with PMLs, both implemented in the
free CAMFR software [18] were applied.

2.1.1 Transfer Matrix Method and 1D Simulations

The general equations describing electro-magnetic fields are the Maxwell’s
equations [1], which relate electric field E , magnetic field H , electric displacement
flux density D and magnetic flux density B to the charge density p and the current
density J (2.1.1-2.1.4).
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. . 0a
E=—_B 2.1.1
V x 3 ( )
A (2.1.2)
N ot o
V-D=p (2.1.3)
V-B=0. (2.1.4)

Thereby the two source terms, the charge density and the current density, are
not independent but related by the continuity equation (2.1.5).

—

VJ+—p=0 (2.1.5)

ap
The quantities E,H,D and D are also not independent but related by the
constitutive relations, that involve the properties of the medium:

-

D=¢-E, (2.1.6)
B=yu-H, (2.1.7)

where ¢ is in a common case the permittivity tensor and p is the permeability
tensor. For an isotropic media ¢ and u are scalars.

For time-harmonic fields it is common to apply the so called phasor notation,
where the harmonic time dependence is represented by the complex exponents of
the form ¢/’ and j is the imaginary unit. The real time-dependent fields can be then
extracted from the complex phasors using Eqgs. 2.1.8 and 2.1.9:

=

E(F,t) = Re{E(F,w) - '}, (2.1.8)
H(7,1) = Re{H (7, w) - "} (2.1.9)

Here E(7, 1) and H (7, 1) are the real electric and magnetic fields and E(7, w) and
H (F,w) the complex phasors, which are not time-dependent. In the further
equations we will use the symbols E, H etc. for phasors, if nothing special is noted.
All other quantities could be easily converted to the phasors and back using the
same rules.

The phasor notation simplifies mathematical calculations and representation of
simulation results. Maxwell equations for a homogeneous isotropic medium
without any charges and current flow (J =0 and p = 0) could be then written

down using phasors and substituting D and B from Egs. 2.1.6 and 2.1.7 as follows:

V x E = —jouH, (2.1.10)
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V x H = J + jweE, (2.1.11)
V-D=p, (2.1.12)
V-B=0. (2.1.13)

Equations 2.1.6 and 2.1.7 stay unchanged.
The solutions of the Maxwell’s equation in an isotropic dielectric medium are
plane waves of the form

Ef = ¢Epe 7, (2.1.14)

E, = eEpel”, (2.1.15)

for the forward propagating wave Ef and the backwards propagating wave E.
The unit vector € determines the polarization of the light. The propagation
direction is parallel to the z-axis. The quantity f§ is the propagation constant and
for the plane wave in an isotropic dielectric medium is determined by the
refractive index of the medium n:

B=wn/c. (2.1.16)

Transfer matrix formalism handles plane waves and use the fact that each
interface between two isotropic dielectric media as well as each layer could be
represented by 2 x 2 matrices, which are called transmission or transfer
matrices 7. Each transmission matrix relates forward and backward propagating
field amplitudes E;, and E;, on one side of the interface or layer with the
forward and backward propagating fields E,, and E,,, on the other side:

Ey Ty Ty ([ Exy Esy
= =T . 2.1.17
<E1,b ) ( Ty T ) <E2.b Eyp ( )

The great advantage comes into play by using the transfer matrix method for
multilayered structures. For the complete stack of layers one can simple multiply
the corresponding 7; matrices of each individual layer and interface and so get the
Ts matrix for the whole stack:

Ts=T, Ty T Ty_s Ty, (2.1.18)

where N is the total number of the layers and interfaces. This idea together with the
definitions of the forward and backward directions is illustrated in Fig. 2.2.

The transmission matrices can be easily calculated for plane waves and for the
case of the normal incidence for an interface between two media with refractive
indices njand n,, and also for a layer with the thickness L according to Egs. 2.1.19
and 2.1.20, respectively,
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Fig. 2.2 Transmission 1 2 3
matrices for a stack
consisting of three media 1, 2 E‘I ; Ez - E3 2
and 3 and two interfaces ! ' ’ ' : '
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Tinterface = E( o i ) (2119)
e IPL 0
Tlayer = ( 0 eiﬁL>’ (2.1.20)

with r, and #,, given by the following equations:

ny —np
i = 2.1.21
L= ( )
2111
ty = 2.1.22
= ( )

Transfer matrix method is very simple to use and do not require noticeable
computational power. Using this formalism in the present work 1D-simulations for
DBR reflectivity spectra, cavity dip position and field distribution inside of the
cavity were carried out. In the following a short outline of each of these three tasks
with exemplary simulation results used for VCSEL designing will be given.

One of the first tasks while designing a VCSEL is to decide, how many DBR
pairs for the top and the bottom mirror should be grown. This determines the
reflectivity of the both mirrors. Figure 2.3a shows the reflectivity and phase spectra
for the top Alg 12Gag ggAs/Aly90Gag 10As DBR with 23.5 pairs used in the 980 nm
QW-VCSELs. The simulation includes two 30 nm thick AlgogGag gAs layers for
the later wet oxidation, in the first DBR pair closest to the cavity and just below it.
To minimize electrical resistance 20 nm thick linear gradings were applied and
also token into consideration for the simulations.

From Fig. 2.3a can be obtained that the maximum reflectivity and also the zero
phase appear at the desired wavelength of 980 nm. Figure 2.3b demonstrates
dependence of the peak reflectivity on the number of the DBR pairs. Adding
additional two pairs to 21.5 pairs increase the reflectivity at 980 nm from 0.9960
up to 0.9977. For VCSELs reflectivity of the mirrors should be designed with a
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Fig. 2.3 Reflectivity and phase as a function of the wavelength of an Aly,GagggAs/
Aly90Gag 10As DBR with 23.5 DBR pairs including two AljogGagopAs layers for the later
oxidation (a) and reflectivity as a function of the number of the DBR pairs (b)

very high precision, so that four numbers after the decimal point should be con-
sidered. According to the well known equation [1, 2]

1
l"gthr:oci—i——ln( ) = otj + Oy, = Clgors (2.1.23)

2L \R|R,

where I is the optical confinement factor, g, the threshold gain, «; the intrinsic
cavity loss, a,, the mirror loss, oy, the total loss, R; and R, the power reflection
coefficients of the top and bottom mirrors and L the effective cavity length, the
reflectivity of each mirror directly affects the threshold gain and thus the threshold
current. Reflectivities in the range of 0.997-0.998 for the top mirror and close to
0.9998-0.9999 for the bottom mirror were used for all structures investigated in
this work. For the 980 SML-VCSELSs 20.5 periods of the GaAs/Alj ¢oGaAs DBRs
for the top and 32.5 periods for the bottom mirror with 10 nm thick linear gradings
were used. For the 980 nm QW-VCSELs 23.5 and 37.5 Alg,GagggAs/
Alp.00Gag. 10As DBR pairs for the top and bottom mirrors respectively were grown.
For the 850 nm QW-VCSELs these were 22.5 and 35 Al 15Gag gsAs/Algo0Gag. 10
DBR pairs respectively. In the last two structures the thickness of the linear
gradings was 20 nm.

The second important task for a proper VCSEL design is to match the cavity
wavelength to the desired value. For the VCSEL fabricated in this work these were
850 and 980 nm. For this purpose the position of the cavity dip was calculated
with the transfer matrix method. Therefore reflection from the complete VCSEL
structure was simulated. If necessary, the thickness of the cavity should be
adjusted in order to match the dip position to the desired wavelength. Figure 2.4
shows the calculated cavity dip positions for the 850 nm QW-VCSELs and
980 nm QW-VCSELs. Both dips match the desired wavelengths sufficiently
precise.

Finally, the active medium should be placed on the right place in the field
intensity anti-node in order to increase the interaction of the active material with
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Fig. 2.4 Cavity dip position for the 850 nm QW-VCSEL (a) and for the 980 nm QW-VCSEL (b)

the optical field. For this purpose standing wave pattern of the ground mode was
calculated and investigated. Calculated electrical field magnitudes together with
the refractive index profiles inside of the cavity for the 850 nm QW-VCSEL,
980 nm QW-VCSEL and 980 nm SML-VCSEL are shown in Fig. 2.5a—c
respectively. The growth direction on the pictures is from the right to the left and
at the zero position is the air-semiconductor interface. A zoomed view of the
cavity for the 850 nm QW-VCSEL and 980 nm QW-VCSEL is shown in
the Fig. 2.6a, b, respectively. From both figures can be obtained that the number of
the active layers is odd and the middle active layer is located exactly in the anti-
node of the field intensity. The remaining active layers are placed symmetrically to
the middle active layer with the possible smallest distance in order to optimize the
overlap with the optical field.

As one can see, the transfer matrix method is a simple but at the same time
powerful tool to solve basic important tasks for the optical VCSEL designing. Its
application is very time-saving and does not require many resources. The simu-
lation time for one calculation is commonly only few seconds, so that many
calculations could be carried out within a very short time slot.

In spite of all advantages of the transfer matrix formalism, this method remains
limited to one-dimensional problems and plane waves and cannot give a deeper
understanding of the optical processes inside of a complex three-dimensional
structure like oxide-confined VCSELs, where some dimensions become compa-
rable to the wavelength of the emitting light. Using transfer matrix no
three-dimensional field distributions and no corresponding optical parameters, e.g.
three-dimensional confinement factor, mode volume etc., can be calculated. There
is no direct possibility to handle higher order lasing modes. However, under-
standing of these phenomena and having access to the three-dimensional proper-
ties not only of the ground mode, but also of the higher order modes, is an
indispensable prerequisite for a good understanding of the physical processes
inside of the laser. For this purpose models, which are able to handle three-
dimensional problems, should be applied. In this work the fully-vectorial eigen-
mode expansion technique handling two-dimensional structures was used, which
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could deliver three-dimensional results because of the cylindrical symmetry of the
VCSEL structures. This model and the obtained simulation results will be pre-
sented in the following sections of this chapter.
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Fig. 2.6 Zoomed view of the refractive index profile and the electrical field distribution inside of
the cavity for the 850 nm QW-VCSEL (a) and 980 QW-VCSEL (b)

2.1.2 Eigenmode Expansion Technique
Jor 3D VCSEL Modeling

Most exact models apply some form of spatial discretisation in order to handle three-
dimensional problems. For example for models based on finite elements [19] and
finite-difference time-domain (FDTD) methods [20] some kind of grid should be
generated and overlays the structure to be modeled. Then in each cell the Maxwell’s
equations should be solved and the found solutions should be matched to each other
at each interface and also to the boundaries. This form of the spatial discretisation is
very time- and resource-consuming, since large number of unknowns is generated.
Simulations based on such methods require powerful computers and could take
many hours or even days.

However, most real VCSEL structures do not have an arbitrary refractive index
profile and in fact consist on many layers, but in each of these layers the refractive
index is constant. Thus one does not need a full discretisation, and dividing of the
VCSEL structure into regions with constant refractive indices, together with taking
advantage of the cylindrical symmetry of the VCSEL, is sufficient for a fully three-
dimensional optical simulation. Eigenmode expansion technique does exact this.
The principle of the spatial discretisation used in the eigenmode expansion method
compared to a grid commonly used in other models is schematically shown in
Fig. 2.7.

In a z-invariant medium in cylindrical coordinates (Fig. 2.8) one can set the
dependence of the electric and magnetic field on the z-coordinate to be harmonic [16]:

E@) = (E.(r,¢) - & + Es(r,d) - &y + E.(r,d) - &.) - e, (2.1.24)
H(P) = (H,(r,§) - & + Hy(r, d) - &y + Ho(r, ¢) - &) - e I", (2.1.25)

with reduced field components E,, E4, E. for the electric and H,, Hy, H, for the
magnetic field, which depend only on two coordinates: r and ¢.
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Fig. 2.7 Spatial discretisation with a grid (a) and in the eigenmode expansion method (b)

Fig. 2.8 A z-invariant
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coordinate system

Here £ is again the propagation constant and is at the beginning not fixed. With
the ansatz (2.1.24) and (2.1.25) following equations for the reduced field com-
ponents could be derived from the Maxwell’s equations (2.1.10-2.1.13) in cylin-
drical coordinates in absence of electrical charges and currents:

O’E. 10E. 10°E;

1 2
+q¢E, =0 2.1.26
o2 ror  r?og’ 45 ’ ( )

O’H, 10H, 10°H,

1 2y, — 212
o Trar Trgg TOH=0 (2.1.27)

for the z-components of the electric and magnetic field and

= _i 2 w_‘a 2

E, 7 (/?6r+ 3 ), (2.1.28)
Jj (BOE; OH.

Ey = 7 <_r a0 MG, >, (2.1.29)

H, = —i< - —@%) (2.1.30)
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(2.1.31)

Hy— (ﬁaHz+ aEZ>

2\rop  “or

for the r- and ¢-components. Hereby is g defined as follows:

g =\/k— >, (2.1.32)

k = w\/Iiz. (2.1.33)

with k equal to

One can see from Egs. 2.1.26 and 2.1.27 that the z-components of the field
are decoupled from the r- and ¢-components. Once one have solved for the
z-components one can immediately solve Eqgs. 2.1.28-2.1.31 for the r- and
¢-components and thus get complete fields.

One can make several assumptions regarding the electric and magnetic fields in
order to simplify the mathematical procedures and thus get different types of
solutions. If one assumes that the z-components of both electric and magnetic
fields are equal to zero, the so called transverse electric (TE) and transverse
magnetic (TM) modes will be the solutions of (2.1.26-2.1.31). In a common case,
where all components of both fields are assumed to be present, the so called hybrid
modes (HE and EH) are the desired solutions. For an overview about mode
classification in circular cylindrical structures one can refer to [21-23].

For the cylindrical symmetry the ¢-dependence of the z-components of the
electric and magnetic field can be assumed to be as follows:

E.(r,d) =A-F,(r) ", (2.1.34)
H.(r,¢) =B-F,(r)- ", (2.1.35)

where A and B are constants, v is a whole number (0, 1, 2, ...) and the function
F\(r) depends only on the r coordinate and also parametrically on v. With this
ansatz one gets the equation for the function F\,(r) from (2.1.26) and (2.1.27):

o*F, 10F, v
+-—+ <q2 - rZ)Fv =0. (2.1.36)

or2  r or

The differential equation (2.1.36) is known as the Bessel differential equation
and has two linear independent solutions, which are the Bessel function of the first
kind J,(gr) and the Bessel function of the second kind Y,(gr), sometimes called
also Weber or Neumann function and noted as N,(gr). Also solutions of the
modified differential Bessel equation

o*F, 10F, 2
NI (—w2 - V>FV =0 (2.1.37)

o2 ror



2.1 Optical Properties 31

are important, which are the modified Bessel function of the first kind 7,(wr) and
the modified Bessel function of the second kind K,(wr), sometimes also known as
MacDonald’s or Basset function. The number v in all these solutions represents the
order of the function.

Electric and magnetic fields of a z-invariant medium with rotational symmetry
could be therefore expressed by the Bessel functions or their linear combinations.
Important functions are the so called Henkel functions of the first kind Hf,”(qr) and
of the second kind H(Vz)(qr), which are defined as follow:

HY (gr) = J.(gr) + i, (gr) (2.1.38)

HP (qr) = J,(qr) — iY,(qr) (2.1.39)

In each region with a constant refractive index, that means according to (2.1.33)
with a constant k and thus, according to (2.1.32), also with a constant q, own
solutions of the Maxwell’s equations of the form (2.1.34) and (2.1.35) are existing.
The order of the used functions v should be thereby in all regions the same because
of the boundary conditions on the interfaces between these regions. In the central
part of the structure the solutions should be constructed using only the Bessel
functions of the first kind, because they are finite at r = 0. For the outer regions the
modified Bessel functions of the second kind K,(wr) are suitable, because they
disappear as r increases: K,(wr) — 0.

Wr—0o0
So far we have seen which form electric and magnetic fields in a z-invariant
rotational symmetric medium should have. No restrictions were met regarding the
propagation constant f3, so that for each frequency o infinite number of solutions
was possible. By introducing interfaces in the r direction and also by setting the
boundary conditions in this direction the propagation constant f§ becomes discreet.
For a given v discreet propagation constants exist:

ﬁvhﬁvbﬁv%' < (2140)

For each f3,,, one solution calling an eigenmode exist. These solutions are
denoted by TE,,,, TMy,,, HE,,, or EH,,, respectively. For v = 0 only TE and TM
eigenmodes exist, for v > 0 only HE and EH modes. The well known linear
polarized LP modes are simplifications of the more common case presented here.
They could be used if the differences in refractive indices inside of the investigated
structure are small. This is mostly not the case for oxide-confined VCSELSs, which
is why hybrid modes should be used.

After calculation of eigenmodes in each region with constant refractive index,
the electric and magnetic fields can be represented as an infinite sum over the
forward and backward propagating eigenmodes:

E(r,d,2) =Y (AL - Ex(r,¢) - e /M + A - Ex(r, ¢) - &), (2.1.41)
k
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= (AL -Hi(r,§) - e + Ag - Hi(r, ¢) - €7). (2.1.42)
k

Here Af and Aj represent expansion coefficients for the forward and backward

propagation eigenmode, E"k(r, ¢) and H «(r, @) are the eigenmode field profiles and
P is the propagation constant of the eigenmode with index k. In a practical case
the number of the used eigenmodes should not be infinite, but a relatively low
number of the eigenmodes, depending on the structure and desired precision, is
enough to get reasonable results.

Knowing the eigenmodes in every region one can use only the expansion
coefficients A7 and Aj for the field representation according to Egs. 2.1.41 and
2.1.42. Thereby in every region own eigenmodes exist and therefore also the
expansion coefficients would be different. For interfaces in the z-direction corre-
sponding matrices could be defined, which describe reflection and transmission at
each interface, and thus changes of the vector with expansion coefficients while
going from one region to another (Fig. 2.9a). For locating the laser modes and
calculating of the mode properties, e.g. field distribution, modal volume etc., the
VCSEL is divided into two stacks and reflection matrices from both stacks are
calculated, as shown in Fig. 2.9b.

A lasing mode should reproduce itself after these two reflections, so that by
varying the frequency w (or the laser light wavelength 1) and the material gain
g such field configuration should be found, which satisfies the lasing condition

Q = Rip - Root = 1. (2.1.43)

The eigenmode expansion technique is an exact and three-dimensional tool,
which enables to calculate lasing modes of a “cold” cavity, which means without
considering electrical or thermal effects. This method is a pure optical but at the
same time a very powerful tool, which gives access to the crucial optical
parameters of the ground and also higher order lasing modes. In the next sections
of this chapter simulation results for different optical phenomena in VCSELs,
obtained with the eigenmode expansion technique realized in the CAMFR free-
ware, will be presented. All simulations were carried out with the number of
modes between 200 and 300. The time for one calculation varied depending on
complexity of the desired VCSEL structures, precisions, number of calculated
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pictures etc. between one and several hours, which is a reasonable time effort for a
scientist interesting in understanding of important laser phenomena and for effi-
cient VCSEL designing.

2.1.3 Mode Structure of Oxide-Confined VCSELs

Knowing the mode structure and the properties of the ground and higher order
lasing modes is of a great importance for an efficient VCSEL designing. Optical
properties of laser modes like optical confinement factor and mode volume
directly affect CW and modulation characteristics of the fabricated VCSELSs.
Having a deep understanding of the field distribution for the ground and higher
order modes enables to design lasers with proper modal characteristics by using
special techniques, for example photonic crystals etched into the top mirror of a
VCSEL [24-28], holey VCSELSs [29] or VCSELs with surface relief [30-32].

Commonly, VCSELs operate in a single longitudinal mode, but in several
transversal modes. In oxide-confined VCSELs, like investigated in this work,
optical guiding is realized by the oxide aperture. Oxide-confined VCSELs have
established their self because of the reliable and simple fabrication of the oxide
aperture and are today commercially available. Mode behavior in oxide-confined
VCSELs is strongly dependent on the geometrical parameters of the oxide aper-
ture, e.g. aperture position, thickness, form, diameter and also number of apertures.
Using eigenmode expansion technique these effects can be easily calculated for
the cold cavity case [33]. Several assumptions should be made in order to be able
to use eigenmode expansions. The most important assumption is the homoge-
neously pumped active region, which is in the reality not the case. The fact that the
eigenmode expansion handles only the optical part of a VCSEL restricts the use of
the model to achieve quantitative results for physical quantities, which have
strongly dependence on electrical and thermal inhomogeneities. Nevertheless for a
given temperature and current flow many optical properties of a laser mode, e.g.
wavelength, field distribution, mode volume, optical confinement factor etc.,
remain stable, so that a qualitative picture of the modal behavior of oxide-confined
VCSELs could be constructed using fully vectorial three-dimensional optical
simulations with the eigenmode expansion technique. This gives a deeper under-
standing of the physical processes inside of the lasers, which delivers an enormous
important contribution to a proper VCSEL design.

First, an overview over the lasing modes existing in an oxide-confined VCSEL
will be given. As we have seen in the previous section, in cylindrical structures
eigenmodes denoted as TE, TM, HE and EH exist, which have field distributions
constructed from the Bessel functions. A laser mode can be expressed in each layer
by a sum over the corresponding eigenmodes of this layer. Simulations show, that
field profiles of lasing modes have similarities with the eigenmodes. The reason is
that in the eigenmode expansion of a lasing mode (2.1.41) and (2.1.42) certain
eigenmodes have larger expansion coefficients A} and A;, and thus play a larger
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role. Consequently for the classification of the lasing modes similar notation could
be used as for circular cylindrical optical fibers [23]. Therefore we denote the
lasing modes by HE ||, TE(; and so on. The first number in the subscript defines the
angular dependence of the electric and magnetic field components according to
(2.1.34) and (2.1.35), and thus also the order of the Bessel functions used in the
eigenmode expansion of this lasing mode. The second number in the subscript
denotes the sequence number of the mode. For example for the angular number 1
following lasing modes will exist: HE, EH,,, HE,, EH,, HE3, EH,5 and so on.
We note that for the angular number 0 only TE and TM modes exist, while for
angular numbers larger than 0 only HE and EH modes exist. To investigate the
mode structure of oxide-confined VCSELSs calculations based on a simple VCSEL
with one 18.8 nm (1/20 part of the lasing wavelength in GaAs) thick oxide
aperture placed in the electric field intensity anti-node, a 3/21 thick AlGaAs-based
cavity and 25/30 Alj9oGaAs/GaAs top/bottom DBR pairs without any gradings
were carried out. The diameter of the oxide aperture was for these simulations
8 um, enabling lasing of several higher order modes. The diameter of the
homogonously pumped active region was also 8 um. Since the calculations were
made for the cold cavity case, the absolute numbers for the threshold material gain
should be handled with care. The ground mode and several higher order modes,
altogether 21 modes, for the angular numbers from O up to 7 were calculated.
Obtained wavelength and threshold material gain for each calculated mode are
shown in Fig. 2.10.

From the picture is seen, that the lasing mode with the longest wavelength
and with the smallest threshold material gain is the HE;; mode, which is the
ground mode of the laser. Then three modes (TE,;, TMy, and HE,;) with
practically identical wavelengths (1093.63, 1093.65 and 1093.64 nm, respec-
tively) follow. In scalar models these three modes are not resolved and handled
as one LP;; mode. As we will see later these three modes have very similar
radial intensity distribution, but different field profiles. Then other lasing modes
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with shorter wavelengths follow, from which again some have similar wave-
lengths and intensity distributions and build groups of modes. As one can see
from Fig. 2.10 each two modes of the type EH,,, and HE,,, , belong to a single
group, for example EH;jand HE3or EH|, and HE3,. Also modes of the type
TEy,, TM,,, and HE,, belong together. HE-modes with the angular number 1 stay
alone, like HE |, HE, or HE 5. Because only limited number of the higher order
modes was calculated, not every group is shown complete. The threshold
material gain increases for higher order modes because the field distribution
moves to the outer regions and the overlap with the pumped active region
decreases.

In Fig. 2.11 field profiles in a transverse plane inside of the cavity for the
ground and higher order modes from the Fig. 2.10 are shown. Different symme-
tries can be observed by taking a look at the field profiles of different modes and
comparing modes with the same angular number m as well as modes with different
angular number but with the same sequence number n. The ground mode HE/ has
a Gaussian-like profile and is linear polarized.

It is also of a great importance to know the radial intensity distribution for the
ground and the higher order modes, which is shown in Figs. 2.12 and 2.13.

For higher order modes the intensity distribution moves from the center to outer
regions, although this trend is not strongly regular. Lasing modes, which belong to
the same group, have similar radial intensity distribution, for example TEy;, TM,;
and HE,;. To get the better overview over the three-dimensional field distribu-
tions, electric field amplitudes for the ground mode HE; and the first order mode
TEy, for the same VCSEL are shown in Fig. 2.14.

The cylindrical symmetry of oxide-confined VCSELs in the reality could be
disturbed during the fabrication, for example during the formation of the oxide
aperture by the wet oxidation, depending on the oxidation parameters. Commonly,
for large enough aperture diameters this effect becomes small, so that the mode
structure remains similar to the case investigated here. Of course it could be
desirable in some cases not to have the cylindrical symmetry, for example for
polarization stabilization. Breaking the symmetry can be easily achieved by fab-
ricating VCSELSs with square mesas or by using other methods. In any case having
a deeper understanding of the mode structure and the corresponding field profiles
of the ground and the higher order modes enables to design optical properties of
the VCSELs more efficiently.

2.1.4 Calculation of the Lasing Mode Parameters

By a known field distribution of a lasing mode important optical parameters can be
calculated, which then can be used for device characterization and optimization.
Decisive optical mode parameters are the effective mode volume Vg and the
three-dimensional optical confinement factor I'. Both quantities play a major role
for CW and high frequency operation of a semiconductor laser. The effective
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TMOT (G1) HE21 (G1)

EH21 (G3)

TMO02 (G4) HE22 (G4)

HE13 EH41 (GT) HE61 (GT) HE42

Fig. 2.11 Electrical field distribution in a transverse plane inside of the VCSEL cavity for 8 um
aperture diameter; the dimensions of each figure are 10 x 10 pm, the symmetry axis (z-axis)
goes through the central point of each figure out of the figure plane, in brackets the group number
is indicated

mode volume for each lasing mode can be calculated from the field distribution of
this mode and the refractive index profile of the simulated structure using the
formula [34]
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TE01 (G1)

EH11 (G2) HE31 (G2)

TE02 (G4)

EH31 (G5) HES1 (GS)

EH12 (G6) HE32 (G6)

Fig. 2.12 Radial intensity profiles in the r—z-plane and radial electric field amplitudes (red lines) of
the ground and the higher order modes for the VCSEL with 8 um oxide aperture diameter; the width
of each figure is 32 um, the symmetry axis (z-axis) goes vertically across the center of each figure

o W ER @7
eff — . ]
max (9 E(7))

As can be obtained from Eq. 2.1.44 the effective mode volume is the volume of
the cavity weighted by the electrical field power density, which is directly

(2.1.44)
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Fig. 2.13 Radial intensity profiles in the r—z-plane and radial and electric field amplitudes (red
lines) of the higher order modes for the VCSEL with 8 pum oxide aperture diameter; the width of

each figure is 32 um, the symmetry axis (z-axis) goes vertically across the center of each figure
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Fig. 2.14 Electric field amplitude for the ground mode (a) and the first order mode (b) for the
oxide-confined VCSEL with 8 um oxide aperture diameter

proportional to the number of photons used in the rate equations described in the
following sections. As we will see later, the effective volume enters equations
characterizing the high speed properties of directly modulated lasers. The three-
dimensional optical confinement factor is the ratio of the volume of the pumped

active region, again weighted by the electrical field power density, to the effective
mode volume, as given by the following equation

= jﬂactivee(7) |E(7) ’261'3?. (2145)
wcavityg(?)|é(?)‘ &

Additional to the three-dimensional optical confinement factor I" also one-

dimensional confinement factor I', can be calculated using one-dimensional
methods, for example the transfer matrix method considered above:



2.1 Optical Properties 39

=

— factive S(Z) |E(Z) lde
fcavity S(Z) ’E(Z) lde

The one-dimensional confinement factor I'; represents commonly the best case
value which the three-dimensional confinement factor I" can achieve in a VCSEL,
because of the additional edge effects in the three-dimensional case.

Very helpful for the understanding of the optical properties of VCSELs is a
qualitative dependence of these parameters on the oxide aperture diameter. For this
purpose, simulations on two simple 850 nm VCSEL structures with 24/35 top/
bottom Alg 15Gag gsAs/Alyo0Gag 10As DBR pairs without any gradings were car-
ried out. To investigate the dependence of the effective mode volume and the
optical confinement factor on the cavity length one of the simulated structure was
chosen to have a 11 AlGaAs based cavity, the second structure had a 24 cavity. For
comparison of the three-dimensional and one-dimensional confinement factors and
also of the wavelengths one-dimensional simulations with the transfer matrix
method were carried out as well.

In Fig. 2.15 wavelength and optical confinement factors are given for the
ground mode HE; and the first order mode TE;. For comparison one-dimensional
values are also shown by blue lines and corresponding numbers.

From the figure one can see that the three-dimensional values both for the
wavelength and for the optical confinement factor are smaller than the corre-
sponding one-dimensional numbers. With increasing aperture diameters the three-
dimensional values come closer to the one-dimensional case, because the fields
become more similar to the plane wave approximation. Another issue is that for a
homogeneously pumped active region with the diameter of the pumped zone 2 pm
larger than aperture, like in the case of the presented simulations, the optical
confinement factor of the first order mode is smaller than for the ground mode.
This can be explained by the field distribution of both modes. Optical energy is

(2.1.46)
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Fig. 2.15 Wavelength (a) and optical confinement factor (b) for the ground mode (black
squares) and the first order mode (red circles) as a function of the aperture diameter for the 11
cavity VCSEL; blue lines and numbers represent one-dimensional values



40 2 Physical Processes in Lasers and VCSEL Design

a b
()25........ ()25........
12-cavity V(HE, )=0.22529+0.10682*D’ 2i-cavity V(HE, )=0.27854+0.13207*D°
200 " HE,  v(TE,)=0.47205+0.19055'D" | 20 [ ® HE, V(TE,)=0.69685+0.23625"D°
ME ° TE, ”E ° TE,
3 15[ X 15} ]
& [
S 10} S 10} ]
s =
> s5f > 5t 1
A S S S S S 0 T S S S S S
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
2 2
Daperture”, pm Daperture?, pm?

Fig. 2.16 Effective mode volume for the 14 cavity VCSEL (a) and for the 24 cavity VCSEL
(b) for the ground and the first order modes as a function of the squared aperture diameter,
together with linear fits and corresponding formulas

concentrated for the HE;; mode closer to the center as for the TE,;; mode (see
Fig. 2.11 and Fig. 2.12). Very interesting is also the dependence of the effective
mode volume on the aperture diameter for both modes, which is shown in
Fig. 2.16.

One can see that both modes have linear dependence of the effective mode
volume on the squared aperture diameter, i.e. on the aperture area. An offset for
both effective mode volumes for both devices is present, as can be obtained from
the formulas shown on the figures. It can be explained by the fact that a part of the
optical energy is located outside of the aperture region, so that at zero aperture
diameters this part would contribute to the mode volume. The smallest aperture
diameter investigated was 1 um and it fits also to the linear dependence. The offset
is logically larger for the TE,; mode, because this mode has more energy located
in the outside regions. Mode volumes for the TE(; are also larger compared to the
HE/|| mode, because the first order mode is weaker confined. The linear depen-
dence of the mode volume on the aperture diameter can be experimentally proved
by measurement of the parameters which depend on the effective mode volume,
for example the D-factor. These measurements will be described in the later
chapters.

The slope of both curves is larger for the longer VCSEL, because of the larger
cavity length. The slope of the effective mode volume for the HE;; mode is
0.10682 for the 14 cavity and 0.13207 for the 24 cavity. The effective cavity length
calculated with the transfer matrix method is 0.4783 pm for the shorter device and
0.5917 um for the longer one. The ratio of the slopes of the linear fits for the
ground mode 0.13207/0.10682 is 1.236 and practically perfectly agrees to the ratio
of the effective cavity lengths of 0.5917/0.4783, which is 1.237. This fact shows
that the differences in the slope of the effective mode volume curves of the ground
mode are mainly caused by the differences in the effective cavity lengths of the
VCSELs.
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Thus one can see that one-dimensional and three-dimensional simulations are
powerful tools to deliver the knowledge about important parameters of the lasing
modes. This helps by the characterization, optimization and understanding of the
optical phenomena inside of VCSELSs, since optical processes in the devices are
complicated and versatile. Nevertheless optics is only one of the many sides of
semiconductor lasers, and in the next sections electrical and thermal phenomena
will be considered.

2.2 Electrical Properties

Semiconductor lasers are devices which convert electrical energy in the optical
energy, thus optoelectronic devices. This means that additional to the optical
phenomena considered in the previous sections, also electrical phenomena play a
tremendous role in the semiconductor lasers. As in the case of the optical prop-
erties, electrical properties are also determined by the design of both epitaxial
structure and of the fabricated device. While in the case of the optical properties in
oxide-confined VCSELs the main influence during the fabrication comes from the
formation of the oxide aperture, more effects contribute to the electrical properties
of the fabricated devices, especially on the high frequency side. Such parameters,
which are determined by the device design, like dimensions and position of the
contacts, dimensions of the contact pads, properties of the applied dielectric layers,
play a decisive role for the electrical properties of the lasers. That is why it makes
sense to distinguish between the electrical properties, which should be considered
during the designing of the epitaxial growth structure, and external electrical
properties of the fabricated devices, which act mostly as a limitation of the internal
electrical properties. In the next three sections we will describe designing of the
internal electrical properties of the epitaxial structure, while in the following two
sections external effects will be considered. During the designing process of any
semiconductor lasers with active elements of dimensions, where quantum effects
play a significant role, for calculation of the corresponding properties quantum
mechanics should be applied. This is the fact for QW-regions, and thus we will
consider quantum mechanic effects also in the following sections. In the sections
handling the electrical properties we will not use the phasor notation, so that all
quantities are real physically values.

2.2.1 Carrier Dynamic in Semiconductor Lasers

We start again with the Maxwell’s equations (2.1.1-2.1.4) [1, 35]. For quasi-
electrostatic fields, that means for fields with slow time variation, one can neglect
the time derivatives in Egs. 2.1.1 and 2.1.2 and for the case of absent or negligible

magnetic field (H =0, B = 0) for electric field two equations will stay:
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(2.2.1)

VxE= 0,
V-D=p. (22.2)
The solution for the electric field can be expressed in this case by a gradient of a

scalar function ¢, which is called electrostatic potential:
(2.2.3)

E = _6(/)’

Inserting (2.2.3) into (2.2.2) and using (2.1.6) for an isotropic medium we get

the Poisson’s equation for the electrostatic potential:
(2.2.4)

V- (sﬁgo) =—p.

By higher frequencies one may include the displacement current density J disp 1O
the conduction current density, so that for the total current density J wt the fol-

lowing equation holds:
- - - - 0, =
Jiot = Jcon + Jdisp = Jcon +5(3E) (225)

The charge density p can be expressed in a semiconductor by a sum over the
electron concentration n, the hole concentration p and concentrations of the

positive charged ionized donors Ny, and the negative charged ionized acceptors Ny
with appropriate electrical charge sign:
p=aqlp—n+Ny—Ny), (2.2.6)

where ¢ stay for the magnitude of the unit charge and is ¢ = 1.6 x 10" C. One
can divide the conduction current density into two parts representing electron and

hole conduction current densities J, and J p respectively:
(2.2.7)

Teon =T + T

By a time-independent total doping concentration Cq = Nj, — N, one can
divide the continuity equation (2.1.5) for the conduction current into two parts for

electrons and holes:
(2.2.8)

Lo d
-J, —g—n = gR

V-Jy a5 = 4R,

d
(2.2.9)

@-fp+qa—tp: —qgR,

with the net recombination rate of electron—hole pairs per unit volume R given by
(2.2.10)

R=R,—G,=R,—G,
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with the generation (G, and G,) and recombination (R, and R,) rates for electron
and holes separately. Thus for each kind of the charge carriers continuity equation
can be written:

0 1o -

—n = —R -V 2.2.11
" G, n+qV I, ( )
G, —R 1.7 (2.2.12)
6tp p Py p 2

For the flow of charge carriers drift—diffusion model can be used, which con-
sider two major mechanisms of the carrier transport. The first is the drift current
which is generated by an electrical field and is directly proportional to the con-
ductivity of electrons o, = gu,n and holes o, = gu,n, where p, and u, are the
electron and hole mobility, respectively. By a present concentration gradient of
electron or holes diffusion current will appear, which is directly proportional to the
diffusion coefficient of the electrons D, and holes D,. Mobility and diffusion
coefficients are related by the Einstein relation

D, D, kT

2.2.13
M :up q ( )

where T is the temperature of the material and k is the Boltzmann constant
k = 1.3807 x 1072* J/K. The total current density of electron and holes can be
then written as

J = qu,nE + gD, Vn, (2.2.14)
T» = qu,pE — gD, Vp, (2.2.15)

Inserting (2.2.14) and (2.2.15) into (2.2.11) and (2.2.12) and using electrostatic
potential (2.2.3) instead of the electric field allows us to reduce the number of

—

unknowns to only three scalar functions n(¥), p(¥) and ¢(7)

a 1 — — -

o =GRt V- (qunnV(p+anVn>, (2.2.16)

0 G, — R — 1% ( v Dﬁ) (2.2.17)

a_l‘p_ p— p_g PNV P —qLp VP |, 2
V- (V) = —alp —n+ Ny = Ny). (2.2.18)

By specified boundary conditions Egs. 2.2.16-2.2.18 can be solved and will
deliver the three unknowns. Inside of the laser the carrier concentrations can vary
by many orders of magnitude. That is why they are often replaced by the quasi-
Fermi levels F, and F, for electrons and holes, respectively. They can be
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calculated in a common case using the Fermi—Dirac statistics for electrons f,, and
holes f,, the corresponding densities of states p. and p, and the following
equations:

o]

n= / £.(E)p.(E)dE, (2.2.19)

p= [ HEwENE (22.20)
with

%,(E) ! (2.2.22)

- 1 +e(Fp—E)/kT'

One can express the quasi-Fermi levels for electrons F), and holes F),, by cor-
responding potentials according to the following equations:

Fy(F) = —q@,(7) + Epey, (2.2.23)
FP(?) = _q(Pp(F) + Eref7 (2224)

with a reference constant energy E,.r and handle the three unknowns ¢(7), ¢, (7)
and @, (7), which have the same units (volts).

Using the drift—diffusion model one can efficiently design epitaxial structure of
a VCSEL and optimize DBR layers and the cavity region. For designing of the
active region quantum mechanics should be applied. In the next two sections one-
dimensional calculations for the epitaxial VCSEL design optimization, carried out
with the free software Nextnano++ [36], are presented. The used software includes
a solver for the Poisson’s and current equations and has quantum mechanical
solver for the active region as well. It is simple to use and is very fast, thus
perfectly suited for such kinds of applications.

2.2.2 Electrical Design of the DBR Mirrors

The largest part of the epitaxial VCSEL structure consists of DBR mirrors, both
top and bottom. DBR mirrors contain also the most number of interfaces of a
VCSEL structure. That is why a proper and careful electrical design of both
mirrors is of a great importance. Since the thicknesses of the DBR-layers are
mainly defined by the wavelength of the laser light, the main objective of electrical
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simulations is to improve the conductivity of the mirrors, mainly by reducing
potential barriers at the interfaces, which arise from the different material com-
positions and thus different band gaps of the corresponding materials used in the
DBR mirrors. For the VCSELSs presented in this work Al-compositions of 12, 15
and 90% additional to pure GaAs were used. We will describe optimization of the
DBR mirror structure on the example of the 980 nm QW-VCSELs investigated in
this work.

Immense work was done in the past for optimization of the interfaces inside a
DBR mirror [37]. Different schemes were investigated, for example linear gra-
dings (LG) at the interfaces or bi-parabolic gradings. While the second scheme is
more difficult to realize, linear gradings can be grown without big effort by
standard metal-organic chemical vapor deposition (MOCVD) technique. In the
case of the molecular beam epitaxy (MBE) digital gradings should be applied, but
it can be realized as well. In this work, for all structures linear gradings of 10 or
20 nm thickness for both top and bottom DBR mirrors were applied.

In Fig. 2.17 Al-composition for an Al 1,Gag ggAs/Aly90Gag 10As DBR mirror
without and with 20 nm thick linear gradings is presented. The total thickness of
each DBR pair is kept constant. The corresponding band structures are shown in
Fig. 2.18 for the case without gradings (a) and with the 20 nm thick gradings (b)
for intrinsic material. In the following pictures only two periods of the DBR
mirrors are shown for more clarity.

In Fig. 2.18 energies of different minima and maxima in conduction and
valence bands are shown. Electrons can occupy the minima around the I', X and L
points in the conduction band. Holes occupy the maxima in the heavy-hole (HH),
light-hole (LH) or split-off (SO) valence bands. For Al-compositions from 0 up
to ~40-45% AlGaAs has a direct band gap, for higher compositions AlGaAs
becomes an indirect semiconductor with the X minima having the lowest energy in
the conduction band.
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Fig. 2.18 Band structure of the DBR mirror without (a) and with 20 nm thick linear gradings
(b) for intrinsic materials
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Fig. 2.19 Energy of the heavy-hole band minimum for the DBR mirror with and without linear
gradings for intrinsic semiconductor (a) and for the DBR mirror without gradings for different
levels of the p-doping (b)

From the Fig. 2.18 one can see considerable potential barriers between mate-
rials with different Al-composition for both electrons in the conduction band and
holes in the valence band. In Fig. 2.19a, the zoomed view of the heavy-hole band
minimum for intrinsic materials for the cases without and with linear gradings is
shown. The height of the potential barrier for holes reaches ~0.4 eV. If one
considers the total number of the interfaces in a typical DBR mirror, which varies
in the range of 40-70 for 20 and 35 DBR pairs respectively, one can immediately
see the importance of reducing the barriers. The commonly used solution is to
dope the corresponding mirror whether with donors for the n-type DBR or
acceptors for the p-type mirror. In the Fig. 2.19b energy of the heavy-hole band
minimum is shown for the case of different p-type doping levels of 1 x 10'%,
2 x 10", and 3 x 10" cm™>, which are typical doping levels for DBR mirrors.

With the present p-doping the situation with the interfaces improves drastically.
The difference in the heavy-hole band minimum energies for materials with
different composition practically vanishes, and only very thin barriers stay.
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Fig. 2.21 Energy of the I' and X points of the conduction band for the n-doped DBR mirror
(a) and energy of the heavy-hole band minimum for the p-doped DBR mirror (b)

The thickness of the residual barriers depends on the doping level. Hereby the
difference between the doping levels of 2 x 10" and 3 x 10" cm™ become
smaller as compared to the difference between 1 x 10'® and 2 x 10" cm™>.
Remaining barriers are reduces further for the DBR mirrors with the linear gra-
dings, as shown in Fig. 2.20 for the p-doped mirror and Fig. 2.21 for the n-doped
mirror.

The barrier height is reduced from ~0.38 eV down to ~0.07 eV for one
p-doped interface. After consideration of the simulation results, doping concen-
trations of 2 x 10'"® cm™ and higher for both n-type and p-type DBR mirrors
were chosen for the 980 nm QW-VCSELs. These doping levels are sufficient to
reduce the barriers and from the other side do not increase absorption losses in a
drastically way. In the first few DBR mirror pairs close to the cavity the doping
was leaved at 2 x 10'® cm™>, while moving further away from the cavity into the
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region, where the photon density decreases, enables to use higher doping lev-
els. Hereby for interfaces, where electrical field has a node, higher doping
levels can be used as for interfaces, in which electrical field has an anti-node.
For the investigated structure n-doping levels following the scheme 2-3 to
24 x 10" cm™3, for the corresponding composition scheme Al 1,Gag ggAs-LG-
Alg.00Gag 10As-LG, was applied. For the p-type DBR the doping levels were 3—4 to
3-5 x 10" em™.

Simulation results presented in this section show, that by introducing linear
gradings into the DBR mirrors potential barriers can be effectively suppressed.
Linear gradings are an effective and relatively easy to realize solution for low
resistance multilayered mirrors for both n- and p-type DBRs.

2.2.3 Design of the Active Region

The part of a semiconductor laser, in which electrical power is converted to the
optical power, is the active region. Physical properties of the active region
determine in a decisive way the properties of the laser, both for CW and high
frequency modulation. That is why special attention must be paid while designing
the active region. We will describe this again using the 980 nm QW-VCSELSs as
example.

Quantum mechanics should be applied in order to be able to describe physical
properties of QWs correctly. The basic nonrelativistic quantum mechanical
equation is the well-known Schrédinger equation [1, 2, 35], which for a static case
and one particle has the form

HY = EV, (2.2.25)

with

”_, B
H=—-V>+ V(7). (2.2.26)

Here H is the quantum mechanical operator called Hamiltonian, 7 is the Planck
constant 4 divided by 27, and m is the mass of the desired particle. The solution of
the Schrodinger equation for some energy value E is the corresponding ¥-func-
tion, also called the wave function, describing all physical properties of the
quantum mechanical state of the particle. V(7) is the potential energy function,
which defines the particle motion.

In the case of semiconductor lasers considered particles are electrons and holes.
For a simpler description we can use in the first approximation energy of the
corresponding minima and maxima in the conduction and valence bands as
potential energy and so-called effective masses of the carriers instead of the
masses of free particles. This enables to use the simple Eqgs. 2.2.25 and 2.2.26 and
at the same time to include effects corresponding to the band structure. Also more
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advanced models like 8-band k*p theory [1] can be applied for more exact cal-
culations. Nextnano++ is able to calculate energy states using both classical
method using effective carrier masses and the 8-band k*p method.

The most important property which should be calculated is the emission
wavelength of the laser. In the case of a VCSEL the wavelength of the emitted
light is defined by the cavity dip position, thus by the optical properties of the
cavity, described in the previous sections. Nevertheless the active medium used in
the VCSEL should be able to emit photons at this wavelength; otherwise no lasing
would take place. Because of the temperature effects, the peak of the stimulated
emission in the active region should be designed to be at a shorter wavelength
compared to the cavity dip wavelength. The reason is the stronger temperature
shift of the band gap of AlGaAs compared to the shift of the wavelength of the
cavity dip. Because internal temperatures in VCSELSs can easily reach 80-100°C,
detuning between the cavity dip wavelength and the peak emission wavelength of
the active region is commonly in the range of 5-20 nm. For a stable high
temperature operation rather larger values should be considered. From 980 nm
QW-VCSELSs described in this work nominal value of the cavity-gain detuning
was 15 nm, thus the peak emission wavelength of the active region was calculated
to be at 965 nm. At this wavelength strained InGaAs QWs can be used. After some
calculations the In-composition of 21% by the QW-thickness of 4.2 nm was
determined. For strain compensation 6 nm thick GaAsP layers acting at the same
time as barriers between QWs with P-composition of 12% were applied. Fig-
ure 2.22 shows the corresponding bands for the active region considered here.
Because of the strain the HH and LH valence bands are splitted.

By solving the Schrodinger equation with the effective masses of the corre-
sponding band minima and maxima eigenvalues of the energy states and corre-
sponding ¥-functions were calculated. Hereby only the first five solutions for each
electrons and holes, together ten solutions, were investigated. They correspond to
the ground levels in the conduction and valence bands. Figure 2.23 shows the
calculated energy levels for electrons (a) and holes (b).
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Fig. 2.23 Energy states in the conduction (a) and the heavy-hole (b) band for electrons and holes
respectively

The QWs are partially coupled, as can be seen from the energy levels, which
has slightly different energy values. Energy levels of the hole states have
practically identical values. Figure 2.24 shows the first four energy levels with the
corresponding wave functions for the electrons in the conduction band. Corre-
sponding hole states and wave functions are shown in Fig. 2.25.

As one can see from the Figs. 2.24 and 2.25, the form of the corresponding
wave functions of electrons and holes is similar and their overlap is large, resulting
in an efficient stimulated photon emission.

Finally the difference between the lowest electron energy level and the
highest hole energy level should be calculated in order to determine the
emission wavelength. In Fig. 2.26 the energy difference between the ground
electron and hole levels as a function of the temperature, calculated with the
effective mass theory (black) and with the more precisely 8-band k*p theory
(red), is shown. For a better orientation the goal wavelength of the active region
peak emission at room temperature of 965 nm (green line), the wavelength of
the room temperature VCSEL emission determined by the cavity dip wave-
length at 980 nm (blue dotted line) and the temperature dependent cavity dip
wavelength (blue solid line) are also shown. Considered was a temperature
range between 300 and 400 K, which corresponds approximately to tempera-
tures from the room temperature up to ~120°C. Since the cavity dip also
moves with the temperature, the best resonance between the active region peak
gain and the cavity dip will appear not at the internal VCSEL temperature
of ~345 K, corresponding to ~70°C, but at a higher temperature. Since
internal temperatures of ~70°C are reached at the ambience temperatures
of ~20-30°C, for a better temperature stability and an efficient operation at
ambience temperatures of 80-100°C, which result in internal laser temperatures
of 130-150°C, or ~400-420 K, perfect detuning should be designed to lay
somewhere between 340 and 400 K. Assuming an approximately fourfold
weaker dependence of the cavity dip wavelength on temperature, as compared
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Fig. 2.24 Energy levels and the corresponding wave functions for the first four electron states in
the conduction band in the active region

to the band gap temperature dependence, the perfect matching of the peak gain
and the cavity wavelengths would take place at ~360 K, as can be obtained
from the Fig. 2.26. This corresponds to the internal laser temperature
of ~90°C, which will be achieved at outer temperatures in the range of
40-50°C. This enables stable laser operation in the whole desired temperature
range, from 20°C up to 85-100°C.

Using quantum mechanical methods, e.g. effective mass theory and 8-band
k*p theory, energy levels and wave functions in the QWs can be easily
calculated. Consequently, temperature dependent emission wavelength of the
active region can be efficiently designed. This information is inalienable for a
correct VCSEL operation. But additionally to the internal electrical properties
of the laser external limitations should be carefully considered. This includes
electrical parasitics inside of the VCSEL as well as a proper design of the
high frequency contact pads. Both of these effects should be designed to
enable high speed VCSEL operation at desired data rates, which were for this
work as high as 35-40 Gbit/s. These subjects will be considered in the next
two sections.
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Fig. 2.25 Energy levels and the corresponding wave functions for the first four hole states in the
heavy-hole band in the active region
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Fig. 2.26 Energy difference between the ground electron and hole levels as a function of the
temperature, calculated with the effective mass theory and 8-band k*p theory, together with the
goal wavelength of the active region peak emission at room temperature of 965 nm (green line),
wavelength of the room temperature VCSEL emission at 980 nm (blue dotted line) and the
temperature dependent cavity dip wavelength (blue solid line)
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2.2.4 Egquivalent Circuit and Electrical Parasitics of a VCSEL

For a proper operation of a semiconductor laser at high bit rates, high speed
electrical current modulation driving the VCSEL should be transferred to the
active region, where electro-optical conversion takes place, ideally without any
distortions and attenuations. In a real VCSEL many effects prevent this. One of the
most important of them is the presence of electrical parasitic elements, like
unwanted capacitances and resistances, inside of the device, which build a low
pass for the incoming high frequency electrical signal [38—41]. The exact form of
the present electrical parasitic elements is determined first by the epitaxial struc-
ture, among other by doping levels, thickness and number of the oxide apertures
etc., but also by the device design parameters chosen for fabrication, e.g. mesa
size, oxide aperture diameter etc. That is why appropriate device design is of a
great importance additionally to a proper epitaxial structure. In Fig. 2.27, a
schematic picture of the electrical parasitic capacitances and resistances presented
in a VCSEL is shown.

As one can see from Fig. 2.27a, additional to the resistance R, and capacitance
C;, which represent the pumped active region, capacitance of the oxide aperture
and the underlying intrinsic region C, and of the contact pads C,,, as well as both
resistances of the top and of the bottom DBR mirror R, and R,,,, should be
considered. Since the two capacitances C, and C; are connected in parallel, they
can be combined to one resistance C,. According to the n-port theory [42], also
both mirror resistances R, and R,,,, together with eventually considerable contact
resistances (not shown in the figure) can be represented by one common resistance
Rpn. By the given geometrical and structural parameters of a VCSEL all parasitic
elements are defined and can be estimated using appropriate measurement tech-
niques, for example S-parameter measurements [42].

The theory describing electrical high frequency properties of common network
elements is the well known n-port theory [42]. Each port has two connections, and
for VCSEL characterization the 2-port theory can be applied. The 2-port,
describing the electrical parasitics in a VCSEL, is shown in Fig. 2.27b and is

@, (b)
Ry

Zy~ . =¢C, C— E R
o

Fig. 2.27 Electrical parasitic capacitances and resistances inside a VCSEL (a) and the
corresponding equivalent circuit with two parallel capacitances C, and C; combined together
to C, and resistances of the both mirrors R, and R, joined to R, (b)
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pointed by the dashed box. The first port connects a high frequency driving signal
generator with impedance Z,, commonly equal to 50 Q, with the contact pads of
the VCSEL. The second port describes the interface between electrical parasitics
and the active region with the resistance R,, which is the final destination of the
incoming high frequency signal. All distortions and attenuations of the electrical
signal within the dashed box are undesirable.

In Fig. 2.28 a common 2-port is shown. We describe the two ports symmetri-
cally, so that a; represents the incoming and b; the outgoing signal for each port i.
Z; are reference impedances, which can be chosen free, but in the most cases it is
comfortable to chose Z; to be equal to the generator (or driver) output impedance
(commonly 50 Q) and for Z, to use the resistance of the active region R, of the
desired VCSEL.

A 2-port can contain many elements, but its high frequency behavior is com-
plete described by a 2 x 2 matrix, connecting the input and output signal mag-
nitudes and phases. Hereby one can chose between several representations, which
are free convertible. The most frequently used matrix is the S-matrix, or the
so-called scattering matrix. The S-matrix handles not the voltage u; and the current
i; at each port, but the forward propagating a; and the backward propagating b;
waves. Forwards represents in this case the direction to the port and backwards the
opposite direction. These waves for the two ports are shown in Fig. 2.28.
The waves a; and b; are directly connected to the voltages u; and currents i; at the
corresponding ports via the reference impedances Z;, which are commonly real:

L(w .
a=1 (ﬁ L m/z), (2.2.27)

b = % (\;‘7 - WZ-). (2.2.28)

Corresponding voltages and currents on each port can be easily calculated from
the a; and b; waves by using the reverse equations:

u; = (a; + b))VZ,, (2.2.29)

i = tai=bi) (2.2.30)

VZ;

Knowing the 2-port structure one can calculate the S-matrix, which connects
the incoming and reflected waves to each other:

Fig. 2.28 A common 2-port
with the symmetrical port O O
notation

- 2-port Z,
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The S-matrix includes additional to the parameters of the electrical elements of
the 2-port also the reference impedances Z;, that means it depends on some outer
parameters, like generator impedance etc. There are several other matrices used in
the 2-port, or more common n-port, theory, which depend only on the parameters
of the electrical elements building the n-port, e.g. capacitances or resistances. The
often used matrix is the Z-matrix, which handles again the voltages and currents
instead of the a; and b; waves:

u i Zy Zip )\ (i
=Z-|. )= .. 2.2.32
Both matrices are related by the following formula:

S=E-2-(Zy+E)", (2.2.33)

where E is the unit matrix and the matrix Zy in the case of the 2-port is given by

Zi Ziy
Zy = (@{Z_ @f) (2.2.34)
VT VAVE

where Z, and Z, are the reference impedances.

With a network analyzer S-matrix of a 2-port can be easily measured. Since the
second port of a VCSEL representing the active region is not achievable for a
direct connection, only the S;; parameter can be investigated. That means that
electrical parasitics of a VCSEL should be characterized based only on the mea-
surement of electrical reflection of the incoming signal. That is why the 2-port
describing the electrical parasitics of a VCSEL can not be determined from the
incomplete S-matrix measurement, and some assumptions about the form of the
parasitics should be met. In the most cases electrical parasitics of an oxide-con-
fined VCSEL can be described by the equivalent circuit shown in Fig. 2.27b. This
2-port has three passive elements, two of which have the well known frequency
dependence and R, is frequency independent. The Z-matrix of this 2-port can be
easily written and has the form

Ri-(R+R3) Ri-Rs
_ Ri+Ry+R3 Ri+R+R3
Z = R\ Re Re-(RiiRs) | (2.2.35)
Ri+R>+R3 Ri+R+R3

with R, R, and R; defined as follows:
S (2.2.36)
2nC,

Ry =R,, (2.2.37)
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J

R; = 3nC. (2.2.38)
where j is the imaginary unit. Then using Eqgs. 2.2.33 and 2.2.34 the S-matrix can
be calculated setting Z; equal to 50 Q and Z, equal to the resistance of the active
region R,. The calculated S;; can then be fitted to the measured real and imaginary
parts of S;; and thus the four unknowns C,, R;,,, C, and R, can be estimated under
the assumption that the used equivalent circuit represents electrical parasitics of
the VCSEL correctly. Also more complicated n-ports can be simulated using
advanced software, for example Microwave Office [43]. This gives the possibility
to access individual parasitic elements directly and thus to analyze the electrical
parasitics of VCSELs more efficiently. The frequency dependent S-parameter
measurements up to 40 GHz were widely applied in the present work for VCSEL
characterization and have helped to drastically improve the VCSEL performance.

2.2.5 Design of Impedance Matched High Frequency
Contact Pads

After the VCSEL electrical parasitics have been considered in the previous sec-
tion, in this section another important design issue will be described. In order to be
able to guide the high frequency electrical driving signal to the VCSEL device, the
laser should be equipped with appropriate contact pads, which should enable
VCSEL operation at high frequencies. Since contact pads consist on high con-
ductive metals, e.g. gold, chrome or platinum, the main problem to solve is not the
attenuation of the signal but the impedance matching to the VCSEL driver or
signal generator, which commonly have output standard impedances of 50 Q.
Thus contact pads should function at the same time as a high frequency trans-
mission line. Free software for transmission line simulations is available, for
example AppCAD [44] or TX Line [45], and in this work both AppCAD and TX
Line were applied, delivering very similar results. In the following simulations
carried out with TX Line for high speed contact pads designing will be presented.

There are different types of high speed transmission lines. Commonly, for
VCSELs the so-called ground-signal-ground (GSG) transmission line is applied.
Figure 2.29 shows schematically the GSG line with appropriate design parameters.

Fig. 2.29 Schematic view of
a GSG transmission line with
the corresponding parameters
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A GSG transmission line consist of three metal lines: one for signal and two for
the ground, which are placed symmetrically to the signal line and theoretically
have infinite widths. The main design parameters are the width of the signal line
ws, the width of the gap between the signal and each ground line wg,,, the
thickness of the dielectric, which was in our case bisbenzocyclobutene (BCB)
dgcp and the thickness of the applied metal d e Also the dielectric constant of
BCB ¢pcp and the metal conductivity 6,6, play an important role. All parameters
were assumed to be frequency independent. Since all VCSELs investigated in this
work were grown on doped semiconductor substrates, a GSG line having con-
ductive material on the back side was simulated. Figure 2.30 shows simulation
results for 5, 10 and 20 GHz with the corresponding parameters, which were used
for VCSEL mask design for all VCSELs presented in this work.

From the figure one can see only weak frequency dependence of the trans-
mission line impedance, which stays close to the goal impedance of 50 Q received
by using the parameters shown in the figure in red. Very important is the stability
of the impedance to the variations of the design parameters, since these parameters
can change during the fabrication process. Main reasons for this are limited pre-
cisions and reproducibility of the lithography steps but also of such important
device fabrication techniques like metal deposition and BCB process. That is why
the GSG-line should be designed in a way, that certain parameter changes would
not drastically affect the transmission line impedance. In Fig. 2.31 simulation
results for variations of all parameters and their effect on the transmission line
impedance are presented.

From the figure one can see that the transmission impedance is very stable to
design parameter changes. In a very wide variation range the impedance does not
differ from the goal value of 50 Q by more than 20%. For a better compari-
son the vertical impedance axis scaling is the same for all figures in Figs. 2.30
and 2.31.

After our investigations in this and also in the several previous sections we have
seen, that electrical design of both epitaxial VCSEL structure, including the design
of the active region, and also of the fabricated device is very important for a proper
laser operation. Although, the physical processes, which should be considered
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Fig. 2.31 Effects of the parameter variations on the transmission line impedance

during the VCSEL designing, are very complex, relatively simple methods could
be applied in order to be able to solve all the design issues efficiently.

Optical and electrical phenomena build the basis of any semiconductor laser
physics. Nevertheless each of them is affected in a very strongly manner by one
physical quantity—the temperature. Temperature phenomena will be the main
topic of the next section.
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2.3 Thermal Properties

For a proper laser operation, not only at higher outer temperatures but also at room
temperature, carefully designed thermal properties of the device are of the great
importance, since the internal temperatures inside of the laser can be much higher
than the ambience temperature. If semiconductor lasers operating at high outer
temperatures, e.g. 85°C or higher, should be realized, thermal phenomena inside of
the device become one of the crucial laser design aspects. It is of great importance
to have a deeper understanding of the thermal processes in a laser, to know the heat
generation and heat dissipation mechanisms. Because of the energy conservation,
the part of the supplied electrical energy, which is not converted to optical energy
inside of a laser, will generate heat in the device, strongly affecting device per-
formance. Since efficiencies for converting electrical to optical power in common
VCSELs are lower than 50%, the most part of the electrical energy introduced into
the device will generate heat. The two major tasks of VCSEL thermal designing
are to reduce the heat generation inside of the device and to carry off the heat,
which have been generated, efficiently. Of course, it is better not to have the heat
at all or to have only a small amount of it, than to generate much heat and to try to
carry it off. In order to reduce heat generation, corresponding mechanisms should
be studied. In a practical device a significant amount of the heat will be commonly
still present, so heat flux phenomena should be considered as well. These mech-
anisms will be described in the present section.

2.3.1 Heat Generation and Thermal Resistance
of Oxide-Confined VCSELs

Heat is generated in a semiconductor by transferring a part of the carrier energy to
the lattice. These energy transfer processes are quantized and commonly described
using quasi-particles called phonons, which then take part in heat dissipation
processes. In the case of a local thermal equilibrium between lattice and carriers
the heat flux is controlled by the temperature gradient [35]:

Ttea = —k1LVT, (2.3.1)

where Jpey is the heat flux density (heat energy flux perpendicular to a unit
surface), T is the local temperature and x; is the lattice thermal conductivity.
In principle, electrons and holes contribute to the thermal conductivity, but their
contribution is commonly small. The temperature should satisfy the heat flux
equation

oT .
,DLCLE = —V - JHeat + HHeat, (232)
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where p; is the density of the semiconductor material, C; is the lattice specific heat

and Hyey(7,1) is the generated heat power density from various sources. All
parameters in 2.3.2 are in a common case temperature dependent by itself.
If temperature changes are comparable small, these parameters can be approxi-
mately handled as corresponding constants. In principle, from the two Egs. 2.3.1
and 2.3.2, by defined boundary conditions and heat generation function Hyy,,, the

two unknowns T and J Heat Can be calculated.

In the static case the left hand side of (2.3.2) becomes zero and the heat flux is
controlled only by one material constant, which is the thermal conductivity ;. The
material of interest for the 850 and 980 nm VCSELs is Al,Ga,_,As, which is a
ternary alloy. Because of the random distribution of alloy atoms, which causes
strong allow scattering of phonons, the thermal conductivity of ternary and qua-
ternary alloys is significant reduced as compared to pure binary materials like
GaAs or AlAs. A good estimation of the thermal conductivity of an alloy of the
form AB,C;_4 can be found using the equation

1 X 1—x
= — 1—-x)-C 2.3.3
KL(X) KAB * KBc +x( %) - Casc, ( )

where k4p and kpc are thermal conductivities of the corresponding binary mate-
rials and Cupc is the corresponding empirical bowing parameter. Figure 2.32
shows the thermal conductivity of Al,Ga;_4As alloy calculated using Eq. 2.3.3
with corresponding material parameters [35] also shown in the picture.

As one can see the thermal conductivity goes down very fats with Al compo-
sition x and is already by 10% Al in AlGaAs reduced by more than a factor of two
compared to pure binary GaAs. That is why using binary compounds are much
more preferable from the point of view of the thermal properties of the lasers.
Unfortunately at the wavelength of 850 nm pure GaAs is absorbing. That is why
for the VCSELs emitting at this wavelength, like for the 850 nm QW-VCSELs
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presented in this work, some amount of Al should be used, for example 15%. For
980 nm pure GaAs can be applied, but there is another important limitation, which
is the growth technique used for VCSEL growth. In the case of MOCVD binary
GaAs is commonly grown at different temperatures as Al,Ga;_,As alloy, so that
from the practical point of view it is easier to use also at the wavelength of 980 nm
the ternary Al,Ga;_,As alloy. In the 980 nm QW-VCSELs investigated in this
work 12% Al was used. By using MBE for the VCSEL structure growth binary
GaAs can be easily applied. This was made for the 980 nm SML-VCSELs
investigated in the present work.

From the other side, binary AlAs has an even higher thermal conductivity as the
binary GaAs and would be preferable to use, especially in the top DBR mirror. The
limiting factor here is in the case of oxide-confined VCSELSs the oxidation rate of
Al Ga;_,As, which is strongly dependent on the Al composition. Since the oxi-
dation is carried out after the mesa etch, Al,Ga;_,As layers used in the DBR
mirrors will also oxidize, and in order to keep the oxidation rate small lower Al
composition as compared to the aperture layer should be used. Commonly
98-100% of Al is applied for the aperture layers, so that for the DBR layers the Al
composition should be in the range of 90% or lower. In all VCSEL presented in
this work 90% of Al in both DBR mirrors were applied.

To understand and effectively reduce the heat generation, corresponding phe-
nomena should be considered. In a semiconductor laser heat is generated by dif-
ferent mechanisms. The most relevant are the Joule heat, the electron—hole
recombination heat, the Thomson heat and the heat from optical absorption.

The Joule heat is generated by the carrier flow through a semiconductor and the
corresponding scattering by phonons. The heat generation is then written by [35]

2 =2
Hy=2nlr (2.3.4)
qun " qup

which is directly proportional to the electrical resistance of the material.

The recombination heat is generated by nonradiative recombination processes
of the electron-hole pairs. These processes include defect and impurity recom-
bination, recombination on surfaces and interfaces and Auger recombination. The
average recombination heat is proportional to the difference between the quasi-
Fermi levels:

Hg =R(F, — F,), (2.3.5)

where R is the total recombination rate of the considered processes. One could
include also the spontaneous recombination, since most of the emitted photons are
absorbed by the semiconductor and eventually converted into heat.

The Thomson heat results from the differences in the thermoelectric power,
which is the measure for the increase in average carrier excess energy with
increasing temperature. A dramatic example is the interface between different
semiconductors, like in a DBR mirror. By moving through an interface from a
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material with the larger band gap to a material with the smaller band gap, electrons
exhibit excess kinetic energy (hot electrons), which can dissipate to the lattice.
In the opposite case electrons needs to receive some energy from the lattice. Thus
the Thomson heat can be both positive and negative and is described by

Hy = —qT(fn VP 4], ﬁp,,), (2.3.6)

where P, and P, are the thermoelectric power for electrons and holes, respectively.
Sometimes Thompson heat is also referred to as Peltier heat.

The optical absorption heat arises from the absorption of photons in the
semiconductor material. Photons can be directly absorbed by the crystal lattice, but
at the typical photon energies considered here the free carrier absorption is
dominating. The absorbed energy is then quickly dissipated to the lattice due to
very short intraband scattering times. The absorption heat is given by

Hy = oa®hv, (2.3.7)

where a(hv) is the wavelength dependent absorption coefficient, v is the photon
frequency and @ is the photon flux energy, which can be calculated from the
optical simulations considered above.

By setting together all heat generation mechanisms described by Eqs. 2.3.4—
2.3.7 one can calculate the total heat generation rate Hye, and use it for simula-
tions of the thermal properties according to Eqgs. 2.3.1 and 2.3.2.

An important quantity characterizing thermal properties of a VCSEL is its
thermal resistance. If the heat power is generated mostly within one region, e.g. the
active region in a VCSEL, the temperature increase in this region will be deter-
mined by the thermal resistance of the whole device and the generated heat power

AT = RthPHeata (238)

where AT is the temperature difference between the heat source (commonly active
region) and the heat sink, Py, is the total heat power and Ry, is the thermal
resistance of the laser. The heat power is equal to the supplied electrical power
minus the output optical power:

Pyea = UI — Pouu (239)

where U and I are the operating laser voltage and current and P, is the total
optical output power. The thermal resistance of a VCSEL can be easily estimated
by measuring the shift of the wavelength first with the current, additionally to the
L-U-I-characteristics, at one temperature and then near the threshold for several
higher temperatures. From the first measurement set the wavelength shift in
dependence on the heat power can be calculated, while form the second mea-
surement set the wavelength shift as a function of the temperature is directly
measured. Combining the results of both sets, temperature increase as a function of
the dissipated heat power and then according to (2.3.8) the thermal resistance can
be calculated. Also the temperature of the active region can be directly measured
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with this method. This enables to study and optimize high temperature laser
performance more efficiently.

If one assumes the model of a uniform temperature disc, representing the active
region of an oxide-confined VCSEL, on a homogeneous, isotropic, semi-infinite
substrate, the thermal resistance can be given by the simple formula [46]:

(2.3.10)

where ¢ is the substrate thermal conductivity and d is the disc diameter. For a
VCSEL, d corresponds to the effective pumped active region diameter, which is
close to the aperture diameter. For ¢ some effective value representing the
bottom part of the cavity and the bottom DBR mirror should be used. If one
assumes that the main heat source in the active region is the Joule heat, one
can see from (2.3.4), that the heat power generated in the active region is
directly proportional to the squared current flowing through it and the corre-
sponding electrical resistance, mainly determined by the oxide aperture diam-
eter d:

l nd?

Phear = IazRa :jZAzpaZa :jipalaTv (231 1)
where I, is the current flowing through the active region, which in absence of large
leakage currents is practically equal to the laser operation current I, j, is the
effective current density in the active region, A is the active region surface, R, is
the electrical resistance of the active region, p, is the effective characteristic
electrical resistance of the active region material and [, is the active region
effective length. If one then combines (2.3.8) and (2.3.10) using (2.3.11) one gets
the following result for the temperature in the active region as a function of the
aperture diameter:

1 nd?
AT = —p l,— = Cuiij>d 2.3.12
zéd]apa 4 £t/ o4 ( )

where C. represents all the constants describing the VCSEL structure and
effectively independent on the current and aperture diameter:

Palam

8¢

From Eq. 2.3.13 follows that for a constant current density in the active
region j, under described assumptions the temperature increase in VCSELs with
larger aperture diameters d is larger as compared to VCSELs with smaller
aperture diameters. This means that VCSELs with smaller apertures can operate
at higher current densities at the same temperature as VCSELs with larger
apertures.

Cefi =

(2.3.13)
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2.3.2 Temperature Dependence of the Basic
Laser Parameters

Since temperature affects practically each physical process in a semiconductor
laser, it is inalienable to understand temperature dependence of the basic laser
parameters. We will see in this section, that temperature effects have a very strong
impact on laser operation not only at higher temperatures but also at room tem-
perature, because, as we have seen in the previous section, the largest part of the
introduced energy is converted to heat inside of a laser. This can be seen already
for CW characteristics measured at room temperature, like L-I-curve and optical
emission spectra. Figure 2.33 shows temperature dependent L-U-I characteristics
and extracted values for the threshold current, maximum output power and max-
imum differential efficiency for temperatures from 20 to 100°C for an 850 nm
QW-VCSEL.

One can see that device performance is strongly temperature dependent. The
threshold current increases by more than twice for temperature changes between
20 and 100°C, the maximum output power decreases similarly and the differential
efficiency drops also by more than 40%. But also at 20°C the output power does
not stay a linear function, as predicted by the rate equation theory without tem-
perature effects [1, 2]. The output power saturates at some point, called thermal
roll-over, and then starts to decrease.

In order to understand temperature effects on laser operation qualitatively we
should take a closer look on the laser equations. One of the most important
characteristics of a semiconductor laser is its L-I-curve, this means its output
power as a function of the driving current [1, 2]:

Po = 1l = ). (23.14)
(@ ®),
P — 45 5 O somawvese. —
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§ 2.0 ®3i2.0 % x §§ . o ——
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Fig. 2.33 Temperature dependent L-U-I characteristics (a) and extracted values for the threshold
current, maximum output power and maximum differential efficiency (b) from 20 to 100°C for an
850 nm QW-VCSEL
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where P is the laser output power, 1, is the differential efficiency 7 is the driving
current and I, is the threshold current. The differential efficiency #, can be
expressed as follows:

n, = 1 (2.3.15)

o + Oy

where #; is the internal quantum efficiency or injection efficiency, which is the
fraction of the terminal current that generates carrier in the active region, «; is the
internal or intrinsic cavity loss and o, is the mirror loss, both already introduced in
Eq. 2.1.23.

According to Eq. 2.3.14 the output power should be a linear function of the
injected current. However, as one can see from Fig. 2.33, in the reality this is not
the case even for one constant outer temperature. The reason is the internal
heating, which increases the temperature inside of the device. The internal losses
increase, approximately following the linear relationship o; o< T [2], which leads to
a decrease of the differential efficiency according to (2.3.15). Exactly this
experimentally measured behavior of the differential efficiency is shown in
Fig. 2.33. Because the peak material gain for a given carrier density decreases,
higher carrier densities are required to compensate increased losses and to achieve
lasing. Accordingly the threshold current increases, which can be also seen in the
Fig. 2.33.

The differential resistance of the laser commonly decreases with increasing
temperature, because the conductivity of the semiconductor materials applied for
laser fabrication increases. This can be seen also in the Fig. 2.33a, where the
voltage at some constant defined current decreases with increasing temperature.

Finally the output power saturates at some internal temperature, because the
incoming current can not compensate the increase of the threshold current and
the drop of the differential efficiency any more. For VCSELs, important is the
dependence of the roll-over current /,,, on the aperture diameter. If we assume that
for any VCSEL from the same piece the thermal roll-over occurs at one defined
temperature 7T, we can easily derive the following dependence for a given outer
or chuck temperature 7, using (2.3.8) and (2.3.10):

_ 2pgla 1,

ATro = Tro — Tchuck = Rthl2 R, é d3 )

(2.3.16)

with already used in (2.3.11) electrical resistance of the active region R, at the
roll-over temperature, effective characteristic electrical resistance of the active
region material p,, at the roll-over temperature and active region effective length /,.
Hereby d is the aperture diameter, if no current crowding is assumed, and & is the
substrate thermal conductivity. We can rewrite Eq. 2.3.16 as follows:

2P = /B i”ld Crod. (2.3.17)

a
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As one can see, the dependence of the roll-over current on the aperture
diameter at a given outer temperature is not linear, but as one can see both
experimentally and from Eq. 2.3.17 for larger apertures the roll-over current is
also larger.

For VCSELs, where the lasing wavelength is defined not by the gain peak
wavelength but by the cavity dip position, an additional important effect should be
considered. This is the detuning between the cavity mode position and the peak
gain. Because these both values have not identical temperature dependences, their
difference changes with temperature. In Fig. 2.34 schematic illustration of this
process is shown. As temperature increases, the gain peak commonly drops and
shifts faster than the cavity dip, shown as dashed lines, so that the cavity-dip
detuning decreases. It can happen that at a higher temperature more gain is
available at the cavity wavelength, like in the schematic example shown in
Fig. 2.34.

Knowing this one can design a VCSEL with the cavity-gain detuning optimized
for a specific temperature. Figure 2.35 shows an example of such optimization.

In the figure threshold current for two VCSELs with nominally identical
aperture diameter of 6 pm is shown. In the case of 850 nm QW-VCSEL the
cavity-gain detuning was optimized for room temperature operation, while in the
case of 980 nm QW-VCSEL optimal temperature was designed to be around 50°C.
One can see, that the threshold current of the first VCSEL increases continuously
with temperature, while for the 980 nm QW-VCSEL the threshold current
decreases for temperatures up to 50°C, and then starts to increase, reaching at 85°C
the value similar to 20°C. The overall changes are ~62% for the 850 nm
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QW-VCSEL optimized for room temperature and only ~ 19% for the 980 nm
QW-VCSEL optimized for high temperature operation.

Temperature effects shortly described in this section play a major role and
should be carefully considered during VCSEL designing process. Of course
temperature affects not only CW characteristics of a laser. Also high frequency
properties are affected in a very strongly manner. As we will see in further sec-
tions, one can efficiently design and fabricate high speed VCSELs operating at
very high temperatures.

2.4 The Rate Equations

After optical, electrical and thermal properties of oxide-confined VCSELs were
briefly investigated, in this section the temperature independent single-mode rate
equation model will be described. This is a simple, but very powerful model,
which describes dynamics of charge carriers and photons in a semiconductor laser
[1, 2]. For the multimode case it has been demonstrated, both theoretically and
experimentally, that index guided multimode VCSELs with highly overlapping
transverse fields (such as oxide-confined VCSELSs) have uniform carrier and
photon densities and exhibit a single resonance frequency [47, 48], so that the
single-mode rate equation model could be applied [49]. Because of its evidence
and clearness the model is very helpful for understanding of the static and dynamic
behavior of semiconductor lasers as well as for numerical qualitative and quan-
titative simulations of laser devices. By fitting model results to experimental data
one gets access to important physical quantities describing a VCSEL, e.g. dif-
ferential gain, relaxation resonance frequency, damping etc. Application of the rate
equation model for analyzing real VCSELs is today a standard procedure for
device understanding and improvement.

2.4.1 Rate Equation Model and Steady-State Solutions

In the rate equation model two types of particles play a role: charge carriers and
photons. Because in mostly cases active region of a VCSEL is undoped or only
lightly doped, under high injection levels, relevant for lasers, the charge neutrality
requires the density of negative carriers (electrons) to be equal to the density of
positive carriers (holes). In such cases one can investigate the density of only one
type of carriers, for example of the electrons. This fact greatly simplifies the
analysis.

In a semiconductor lasers there are several physical processes affecting
dynamics of the carriers and photons. Figure 2.36 shows these processes used in
the presented rate equation model. We will describe carriers and photons by their
densities (expressed e.g. in units of 1/cm®): N for electrons and N, for photons.
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Fig. 2.36 Carrier and photon generation, recombination and transformation processes used in
the rate equation model. Blue arrows correspond to carriers and orange arrows correspond to
photons

The active region is hereby the region, where recombining carriers contribute to
useful gain and photon emission, and corresponds in Fig. 2.36 to the carrier res-
ervoir with the volume V. The photon reservoir is the lasing mode with an effective
volume V,,, which is identical to the volume V¢ used in Eq. 2.1.44, and can be
calculated as described in the previous sections. We will focus here on single-
mode devices, but the rate equation theory can be easily adopted for the multimode
case. In Fig. 2.36 for a better understanding the number of particles is shown, so
that arrows describe the particle flow (particles per unit time, in units of e.g. 1/s),
and boxes corresponds to the number of particles (which is dimensionless). If one
summarizes all the processes shown in the figure, one arrives at the carrier and
photon number rate equations:

ANl
ver= % — (R + Rus)V — (Ra1 — Ria)V, (2.4.1)
dN, NV,
v, 7 = (Ry —Rp)V — 2L+ R, V. (2.4.2)

p
Each term in (2.4.1) and (2.4.2) can be easily found in the Fig. 2.36. The

number of carriers increases because of the first term on the right hand side in
(2.4.1), which corresponds to the carrier injection by current. Here #; is the internal
quantum efficiency or injection efficiency, already introduced in (2.3.15), which
is the fraction of the terminal current that generates carriers in the active region,
and g is the magnitude of the electron charge. Spontaneous and non-radiative
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recombination described by the spontaneous and non-radiative recombination rates
R and R, per unit volume and time, respectively, which have units of 1/(cm? ),
are the major parasitic carrier loss mechanisms, that do not contribute noticeable to
the photon density in the lasing mode. Finally, the last term in (2.4.1) describes the
carrier loss (or generation) by the stimulated emission (or absorption) process.
Hereby R, is the stimulated emission rate per unite volume for photon emission
into the lasing mode, and R, is the stimulated absorption rate per unit volume for
the photons from the lasing mode.

The last term of the (2.4.1) appears again on the right hand side of the (2.4.2),
but this time it corresponds not to the loss of the carriers but to the increase of the
photon number in the lasing mode. Another term describing the photon increase is
the last term on the right hand side of (2.4.2), which corresponds to the part of
photons generated by spontaneous emission, which goes into the lasing mode.
Thereby R', is the rate per unit volume of spontaneous emission into the lasing
mode and can be described by the following equation:

R., = ByRsp, (2.4.3)

where f, is the fraction of the photons generated by spontaneous emission, which
goes into the lasing mode. In common VCSELs fy, is in the order of 107, By
applying special cavity designs this value can be increased, leading to more
efficient spontaneous recombination processes. Finally, the only term which cor-
responds to the photon losses is the second term on the right hand side of (2.4.2),
which is dominated by the photon lifetime 7,. The photon lifetime 7, is given by

1

E - Vg(am + ixi) = év
where v, is the group velocity of the mode of interest, including both material and
waveguide dispersion, and o, and o; are the mirror and the spatial averaged
internal cavity losses, already introduced in (2.1.23). Photon lifetime can be
defined also in terms of the light frequency @ and the cavity quality factor Q,
which sometimes can be advantageous. The mirror loss can be calculated using the
optical properties of the cavity according to

1 1
S , 2.4.5
A7) n<R1R2> (24:5)

where L is the effective cavity length and R, and R, are the power reflectivities of
the top and bottom mirror in the case of VCSELs.

All recombination rates in (2.4.1) and (2.4.2) are dependent on the carrier
density N. The non-radiative recombination rate R, can be expressed by

(2.4.4)

Ry = AN + CN°, (2.4.6)

where constant coefficients A and C corresponds to different non-radiative
recombination mechanisms, e.g. defect and impurity recombination, surface and
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interface recombination and Auger recombination. In mostly VCSELs A could be
assumed to be negligible. The constant C, describing the Auger recombination, is
in the order of 107*°~107> cm%s in the active regions used in common GaAs-
and InGaAs-based VCSELs. The spontaneous emission rate R, has the following
dependence on carrier density:

Ry, = BN?, (2.4.7)

where B is the bimolecular recombination coefficient and has a magnitude
of ~10'" cm?/s for the most AlGaAs and InGaAsP alloys of interest.
The last term in (2.4.1), which is the first term on the right hand side of the
(2.4.2), is the photon gain term and can be expressed using the following equation:
1dN, 1 dN, 1

— = R,y — R 2.4.8
VN, dt vgN,,( 2 12), ( )

g = Np dz =
where g is the material gain describing increase (or decrease, if negative) of the
photon density N, by passing through the active region. According to (2.4.8), the

photon gain term in (2.4.1) and (2.4.2) can be expressed by
(R21 — Rlz) = Vgng. (249)

The gain g is in a common case a function of both carrier and photon densities
and can be approximated at a given wavelength by a logarithmic function

£0 N+ N,
N,N,) = 1 2.4.10
e = 2 () (24.10)

where gy, N, and N,, are constants and ¢ is the empiric gain compression factor,
which is a constant as well.
One can rewrite (2.4.1) and (2.4.2) by dividing out the corresponding volumes
and using the following equation:
Vv

I'=—

24.11
7 411

where I is the optical confinement factor already introduces in (2.1.23) and
(2.1.45), and also using (2.4.9), to obtain the density rate equations, which are
more familiar:

dN il

YR (Rep + Rur) — vggN,, (2.4.12)
dN, 1 ,

Putting (2.4.6) and (2.4.7) together and making the same with (2.4.4) and
(2.4.5) we get
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Ry + Ry = AN + BN* 4+ CN?, (2.4.14)

1 1 1
=y, —1 i . 2.4.15
o, <2L n(R1R2> + “) ( )

Equations (2.4.12-2.4.15) together with (2.4.3) combined with (2.4.7), leading
to Eq. 2.4.17, and also Eq. 2.4.10 which we will repeat here for more clearness as
(2.4.16),

80 N + N;
N,N,) = 1 2.4.16
8(N:p) 1+sN,;“<N,,+1vS>’ (24.16)
Ry, = PRy = BypBN?, (2.4.17)

build the equation set (2.4.12-2.4.17) for the carrier density N and the photon
density N, where all coefficients, excepted for the driving current /, are constants
or can be expressed as functions of N and N,. By solving this set of equations
(2.4.12-2.4.17) one can investigate laser behavior under different types of current
injection: constant current, small signal modulation, large signal modulation etc.

To get access to the output power of the lasing mode of interest, one can use the
following equations:

N,V
Py = nohv—L-L, (2.4.18)
Tp
—F (2.4.19)
Mo = 06m+0€i7 A

where 7 is the optical efficiency, hv is the photon energy and F is the fraction of
power not reflected back into the cavity which escapes as useful power from the
output coupling mirror. By multiplying the optical efficiency #, with the injection
efficiency n; one gets the differential efficiency 5, defined earlier in (2.3.15),
which can be easily measured experimentally:

Na = NiNo- (2.4.20)

The factor F is for common VCSELSs close to 1, that is why it was suppressed in
(2.3.15).

By setting the time derivatives for the carrier and photon density equal to zero
in the equation set (2.4.12-2.4.17), one gets the steady-state equations describing
laser behavior under constant current injection. The steady-state solution is

IR,

Ny=——""7"-"— 2.4.21
P 1/t — Teg’ ( )

v
I=T2(Ryy + Rue + veeN,). (2.4.22)

1
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Here one can use the carrier density N as the independent variable for more
physical understanding. One can apply following equations

1

Ivegm = —, (2.4.23)
Tp

g(Nth) = gth’ (2424)

to define the threshold gain gy, and the corresponding threshold carrier density Ny,.
With this definitions one can solve for v,gN,, in (2.4.21) and by setting the result to
(2.4.22) one gets the following expression for the current:

v

1=L5((1 = Bp)Rep + Rox + gy (2.4.25)

For the case when the laser is driven well above threshold, one can use

threshold values by applying N — Ny, for all parameters in (2.4.21) and (2.4.25)
except for the g in the denominator of (2.4.21), leading to

R Nth Vg
N,(N) = g:(_g)(/N)‘, (2.4.26)

_qav

1 (1 = Bop(Nun)) Rep(Ntn) + Rue(Nen)) + q’%vggtth(N). (2.4.27)

It is clear from (2.4.26) that the carrier density N and gain g actually never
reach their threshold values Ny, and gy, for finite output powers and currents. They
remain ever below these values.

From (2.4.18) one can rewrite the output power using the definition (2.4.23) and
(2.4.11) as follows:

Py = 11ghv(Vvegim,)- (2.4.28)

By solving for Vv,gwN, in (2.4.28) and putting the result into the last term of
(2.4.27) one can get after some rearrangement the output power in the lasing mode
Py as a function of the driving current /, the so-called L-I-curve:

hv
Py = ’7;"]0;(1 = In), (2.4.29)

where the threshold current [y, is defined by

In = ﬂ((l — B (Nin))Rep(Nin) + Rue(Nin)).- (2.4.30)

L

One can see from (2.4.29) that the output power in the lasing mode increases
linearly with the injected current above threshold. The threshold current is
determined according to (2.4.30) by the spontaneous and non-radiative recombi-
nation rates at the threshold carrier density Ny,, which is defined by the mirror and
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internal losses corresponding to (2.4.23) and (2.4.15) and by the form of the gain
dependence on the carrier and photon densities (2.4.16). If the non-radiative
recombination rate R, is negligible and fi;, = 1 the threshold current would be
equal to zero and the so-called “thresholdless” laser would be realized. However,
for typical lasers ff;, < 1 and the threshold current remains finite.

To illustrate the behavior of the carrier density, photon density, gain and output
power during the laser steady-state operation, their dependence on the injected
current is shown in Fig. 2.37.

As one can see from the figure, the photon density N, and accordingly the
output power in the lasing mode show a drastic increase as the injected current
reaches its threshold value (denoted by the vertical line near 400 pA). Above
threshold the photon density and the output power increase linearly with the
current, as predicted by (2.4.27) and (2.4.29). The carrier density N and the gain
g nearly saturate at threshold and increase at currents above threshold only by a
small amount.

As one example of application of the rate equations one can take a look on the
simulated L-I-curves for different values of the reflectivity of the top mirror of an
oxide-confined VCSEL and also for different internal cavity losses, shown in
Fig. 2.38. The first three L-I-curves correspond to the same value of internal losses
o; equal to 20 cm™ !, but to different top mirror reflectivities of 99.7, 99.6 and
99.5%. Accordingly to (2.4.23) and (2.4.15) the threshold gain increases with
increased mirror losses (lower top mirror reflectivities) leading to an increase in
the threshold current. The differential efficiency 7, represented by the slope of the
L-I-curves, increases as well, as predicted by (2.4.19) and (2.4.20).

A different situation exists if not the mirror losses «,, but the internal losses o;
are increased, as shown by the fourth L-I-curve in Fig. 2.38. Here again the
threshold current increases, but the differential efficiency decreases, as can be
easily seen from (2.4.19) and (2.4.20). Thus by investigating measured L-I-curves
and applying results of the rate equation theory one can distinguish between
different physical processes in a semiconductor laser. Numerical simulations
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Fig. 2.37 Simulated carrier density N and photon density N, (a) and gain g and output power
(b) as a function of the injected current I; the vertical line denotes the position of the threshold
current
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Fig. 2.38 Simulated L-I characteristics for VCSELs with different reflectivities of the top mirror
and different internal cavity losses (a) and the zoomed view (b)

implementing rate equations are very useful for understanding of the physical
processes inside of a semiconductor laser. Combined with a deeper analysis of the
corresponding equations they provide a very powerful framework for successful
VCSEL designing.

In this section rate equations were introduced without paying attention to
temperature effects, that is why the simulated L-I-curves, e.g. those shown in
Fig. 2.38, are strictly linear and do not behave similar to measured L-I-curves,
e.g. those shown in Fig. 2.33. In principle one can add temperature effects by
introducing temperature dependence for corresponding physical parameters.

Understanding of the principles of the laser operation under the constant current
injection, i.e. in the CW regime, is an indispensable precondition for successful
VCSEL development. Additionally, for high-speed VCSELs, like for those
investigated in this work, modulation properties at high frequencies are the major
issue to be understood and improved. That is why the next important application of
the rate equations is the simulation of the semiconductor laser dynamics. This will
be the topic of the next section.

2.4.2 Small-Signal Frequency Response

To be able to analyze dynamical behavior of semiconductor lasers one should
consider the rate equations (2.4.12) and (2.4.13) with the time derivatives on the
left hand side included. Unfortunately there is no analytical solution for this
equation set, thus one must solve the equations numerically or apply some
approximations to get analytical solutions. One of such approximations is the
assumption that the changes in the carrier and photon densities away from their
steady-state values are small compared to these steady-state densities. Then one
can investigate the so-called small-signal responses of one variable in terms of
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perturbation to another and get insight into the dynamic processes in the laser.
For this purpose one can take differential of both (2.4.12) and (2.4.13), considering
the injection current I, the carrier density N, the photon density N, and the gain
g as dynamic variables:

AN, 1
d {d;} - :—"/dl N —vygdN, — Nyvyd, (2.4.31)
dN, 1 r
d {7”} = <Fvgg - —) dN,, + N,T'vedg + ——dN. (2.4.32)
t T[, TAN

Hereby the differential carrier lifetime tay and the differential lifetime of
carriers, which radiate photons into the lasing mode, tpy were introduced
according to the following equations:

1 dRsp dRy, 2
= —— =A +2BN + 3CN 2.4.33
=ty + + : ( )
1 dR, dp,
" _98 BN PBNZ. 2.4.34
Thy dN BopBN + dN ( )

The differential carrier lifetime for the carriers emitting into the lasing mode
Thy 1s typically in the range of tens of microseconds, and its contribution is
negligible in the most cases.

One can expand the gain differential, paying attention to the fact that gain
depends both on carrier and photon densities:

dg = adN — a,dN,, (2.4.35)

where the gain derivative regarding to the carrier density a and the negative gain
derivative regarding to the photon density a, were introduced. If one assumes the
gain dependence like in (2.4.16), following equations for the gain derivatives will
hold:

0g 80
=2 = 2436
TN T W) (1 +eN,) (2.4.36)

0g &g
=8 _ , 2437
@ TN, T (1+eN,) (2.437)

where both a and a, are not constant but depend on carrier and photon densities.
Inserting (2.4.35) into (2.4.31) and (2.4.32) and rearranging several terms one gets
following equations, where only dI, dN and dN, are present as independent
differentials:

dN . 1
¢ th] B :Tl/ = (MN + NpVg“) dN — (veg — Nyveaty)dN,, (2.4.38)
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dN r 1
) = (g Fomma)an— (4 Prg e My Jan,. 2439
AN p

One can eliminate also the gain by rearranging the steady-state equation
(2.4.21), leading to

1 'R
——Tvg = P,
Tp N,

(2.4.40)

Applying (2.4.40) one can rewrite (2.4.38) and (2.4.39) in a more compact
matrix form

d | dN —VaN —yNP] [dN} n; {d[}
= = AR 2.4.41
dt {de] [ ven —Vep] [dANp| gV [0 ( )
with
1
’))NN - + VgaNp, (2442)
TAN
N LRy N 2.4.43
Ynp = Vg8 = Velp p—F_Tp_N_p_Vgap P (2.4.43)
I
YeN =5+ rVgaNp, (2444)
TAN
1 IR,
Vep = I'veg + I'vea,N, = N + I'vea,N,. (2.4.45)
P P

Well above threshold, where photon density N, is large enough, one can sup-
press several terms in (2.4.42-2.4.45) leading to

1
Yan = —— + vgaly, (2.4.46)
TAN
1
Ynp = F—‘c,, = Ve@plNy, (2.4.47)
vy = I'vealN,, (2.4.48)
vpp = I'vgapN,. (2.4.49)

By investigating solutions of the equation set (2.4.41) one can get insight into
the physical processes in a semiconductor laser under small-signal modulation.
The coefficients (2.4.42-2.4.45) or (2.4.46-2.4.49) can be considered as constants.
Although these coefficients depend on the carrier and photon densities N and N,
these densities are determined at a certain working current I and can be extracted
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by solving the equation set (2.4.12-2.4.17) for the steady-state case, as was
described earlier.

Important are the small-signal responses to a sinusoidal current modulation dlI.
To solve (2.4.41) for this case, one can assume sinusoidal time dependence of all
three small-signal variables dI, dN and dN,,:

di(t) = L™, (2.4.50)
dN(t) = N1&', (2.4.51)
dN,(t) = N, e, (2.4.52)

where I}, Ny and N, are constant complex amplitudes (including magnitude and
phase) of the modulation current, carrier density and photon density, accordingly,
and j is the complex unity. Introducing (2.4.50-2.4.52) into (2.4.41), and after
some rearrangements one obtains the following equation set for the complex
amplitudes N; and N,;:

Iy HJO Ve Ny } _ i [1] 2453
{ —VpN Vpp +ja)} {Npl qv 0] (2.4.53)

To get the solutions one needs to obtain the determinant of the matrix from
(2.4.53), which is given by

Yan HJo Ynp

A= .
—Ypv VPP tJO

‘ = YnpYen + YawVer — @ + jo(vay + Vep)-
(2.4.54)

The small-signal carrier and photon densities can be consequently written
down as

NI 1
Ny = I e IO ) (2.4.55)
qV Wx
ndr Ven
N, = - H 2.4.56
pl qV w]ze (a))a ( )

with the two-parameter modulation transfer function H(w) given by
Ho)=—"=—-"FT—. (2.4.57)

Here the relaxation resonance frequency wgz and the damping factor y are
defined as follows:

Wk = InpTen + TN Tpes (2.4.58)

Y= VYnnv Tt Vep- (2.4.59)
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One can insert the coefficients (2.4.42-2.4.45) into (2.4.58) and (2.4.59) and
make some rearrangements in order to get the relaxation resonance frequency and
the damping factor in the terms of the laser parameters:

W = Npvea n INpveap  Tveg LA ! (2.4.60)
R Ty TAN TAN Tan TANTp o
1 1
y=|—+Nyea | +|—+ FNpVgap - Fvgg- (2-4'61)
TAN Tp

As one can see from the terms grouped together in (2.4.61), in the first bracket
terms leading to losses in the carrier density caused by the changes in this carrier
density itself are present. The second bracket represents terms, which lead to losses
in the photon density caused by the changes in this photon density itself. Finally,
the last term of this equation is the term corresponding to the increase of the
photon density, caused by the changes in this photon density itself. In (2.4.60)
many terms from (2.4.61) are present, but in a modified form, divided by the
differential carrier lifetimes oy and Toy or photon lifetime 7,,. Eliminating gain
with (2.4.40) one obtains

N,  (Tvea,N, TR 1
wlze _ VegalVp I ( VeapNp + sp ) (1 _ T,AN> +— , (2.4.62)
Tp TAN Np‘L'AN TAN TANTp
Ta 1 'R
—vaN.[1+2% B 2.4.63
T p( * a>+TAN+ Np | )

Equation 2.4.62 for the relaxation resonance frequency wy can be further
simplified for the case that the laser operates well above threshold. In this case the
first term will dominate and the relaxation resonance frequency can be expressed
as

N,
w2 ~ 8 (2.4.64)
Tp

The damping factor y (2.4.63) can be rewritten using (2.4.64) for the laser

operation well above threshold to the following equation:

7 ~ Kfg + 7o, (2.4.65)
where
WR
=— 2.4.66
fR 27'(, ( 6 )

and the K-factor K with the damping factor offset ), are defined as follows:

r
K = 4n’t, (1 + “P>, (2.4.67)

a
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Fig. 2.39 Simulated modulation transfer functions for different currents (a) and corresponding
relaxation resonance frequency and bandwidths (b) for an oxide-confined VCSEL

! FRI (2.4.68)
Vo =—+—0 4.
Yo = TAN N,,

In Fig. 2.39, a simulated modulation transfer functions for several different
currents for an oxide-confined VCSEL according to (2.4.57) are shown.

The modulation transfer function can be expressed in decibels (dB). Because
not the optical output power of the laser but rather the electrical power on the
photodetector, which corresponds to the squared optical power, is relevant for
applications, conversion to decibels is carried out using a factor of 20 rather than
10 before logarithm, as shown in the last term in the equation below:

H[dB] = 10  log[H|*= 20 * log|H|. (2.4.69)

One can see from Fig. 2.39a that at low currents relaxation resonance is well-
marked, but at higher currents it becomes damped because of the increased
damping factor according to (2.4.65). The position of the relaxation resonance also
shifts to larger frequencies at larger currents, which can be more clearly seen from
the Fig. 2.39b, where corresponding values for the relaxation resonance frequency
and bandwidth are shown. One can understand the shift of the relaxation resonance
frequency with current by combining (2.4.18) with (2.4.29) and inserting it into
(2.4.64), leading together with (2.4.66) to

1

Vel
fe =3 il S VT = DV~ T, (2.4.70)

where the D-factor D, characterizing the slope of the relaxation resonance fre-
quency with current, was introduced. The D-factor is in a common case not
constant because of the dependence of the differential gain a on carrier and photon
densities according to (2.4.36). At higher carrier and photon densities it becomes
smaller leading to a weaker increase of the relaxation resonance frequency. Also
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temperature effects, which were not considered in this section, play an important
role. One defines empirically the corresponding modulation current efficiency
factor M for the 3 dB-frequency f34p, also called the bandwidth of the laser, which
is the frequency, at which the modulation transfer function decreases by 3 dB
compared to the starting point at zero frequency:

fosas = MVT— I (2.4.71)

The linear increase of the relaxation resonance frequency fr and of the
3 dB-frequency f3qg With the square root of the current above threshold at lower
currents is demonstrated in Fig. 2.40a, where corresponding values for an oxide-
confined VCSEL are shown.

In Fig. 2.40b extracted dependence of the damping factor on the squared
relaxation resonance frequency according to (2.4.65) is shown. Again, because the
K-factor K (2.4.67) and the damping offset ), (2.4.68) are commonly not constant
but depend on carrier and photon densities, the linear relationship is not main-
tained over the whole range. At larger relaxation resonance frequencies, which
correspond to larger operation currents and thus larger carrier and photon densi-
ties, both K and y, increase, leading to a super linear dependence. Again thermal
effects would play also here a very important role, making the trends more
pronounced.

One can rewrite (2.4.65) using (2.4.70), which will lead to a linear relationship
between the damping factor and the operation current:

y & KD*(I — I) + 7. (2.4.72)

From the measurement point of view one can get access to the modulation
transfer function H by measuring the modulation of the laser output power Pj,
leaving the small modulation of the driving current /; constant and making the
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Fig. 2.40 Relaxation resonance frequency and 3 dB-frequency as functions of the square root of
the current above threshold (a) and damping factor as a function of the squared relaxation
resonance frequency (b) with corresponding linear fits for an oxide-confined VCSEL
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frequency sweep. Using (2.4.56) together with (2.4.48) and (2.4.64) for the
operation well above threshold one obtains

N, .
ot Mipe H(w). (2.4.73)
I] qV

Now applying (2.4.18) and (2.4.11) one can expand (2.4.73) further to

P 1 hv
T - nino—H(w), (2.4.74)
1 q
with the photon energy Av. As one can see from (2.4.74), the modulation transfer
function can be measured experimentally, giving the possibility to get access to
important laser parameters. Of course one should pay attention to other physical
effects not considered in this section, e.g. thermal effects or electrical parasitics.
For the latter one can introduce an additional term into (2.4.57), which, after some
rearrangements, using (2.4.66) can be represented by
H(f) = Ji ! (2.4.75)
fe=Pif 3 1+ L h

The last term in (2.4.75) represents a low pass built by electrical parasitics of
the laser, which were described in the previous sections. This low pass is char-
acterized by its cut-off frequency f,,.

The modulation transfer function (2.4.75) has three parameters: the relaxation
resonance frequency fz, the damping factor y and the cut-off frequency of elec-
trical parasitics f,,. Accordingly, there are three types of limitations for the high
speed operation of a semiconductor laser.

The first limitation is caused by the thermal effects, in fact by the internal laser
heating, leading to an increase of the temperature of the active region. This is the
so-called thermal limitation. Because temperature affects nearly each of the laser
parameters used in the rate equations, the relaxation resonance frequency saturates
at some current and starts to decrease at larger currents. Looking at (2.4.70) one
can say, that the D-factor and the threshold current are temperature dependent, and
the D-factor decreases with temperature, while the threshold current increases.
Thus there is a limit for the relaxation resonance frequency, and it becomes limited
by some maximum value fg .. The maximum bandwidth that can be achieved in
this case, assuming negligible damping and electrical parasitics, is

f-3aBahermal &\ 1+ V2 frmax = 1.55 - fr max- (2.4.76)

The second limitation is the damping limit, also called internal limitation. It
arises from the fact, that the damping factor increases with the squared relaxation
resonance frequency (2.4.65), while the bandwidth increases only approximately
linear to it. Starting from some point, increase in the damping factor overcomes the
increase in the relaxation resonance frequency, and the bandwidth of the laser
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begins to decrease. The maximum bandwidth possible in this case, assuming
negligible electrical parasitics, is determined by the K-factor (2.4.67) and is

2n 8.89
f73dB,dampingl = \/E— ~—.

2.4.77
A (2.4.77)

The third type of limitations is caused by the presence of electrical parasitic
elements inside of the laser, mostly parasitic resistances and capacitances. These
electrical parasitics build a low pass, preventing high speed operation. With a
given cut-off frequency of electrical parasitics f,,, maximum achievable bandwidth
for an otherwise ideal case of perfect matching between relaxation resonance
frequency and damping can be written down as

f—3dB,parasitics = (2 + \/g)f}; ~3.73-f,. (2478)

The main goal of a researcher designing high speed VCSELSs is to overcome
these limitations. Commonly there are two or even all three types of limitations,
which prohibit high speed laser operation. Consequently, one must apply many
different concepts and very often some compromises should be met. Additionally,
practical requirements like laser reliability, scalable and straightforward growth,
fabrication and testing processes etc. should be satisfied.
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Chapter 3
VCSEL Growth and Fabrication

Creation of high-quality VCSEL devices commonly requires three types of
activities, which are laser designing process, wafer growth and device fabrication.
These activities are not independent from each other but very closely intercon-
nected, as shown in Fig. 3.1. For a proper laser design clear understanding of the
growth process as well as explicit knowledge of the fabrication process are
indispensable. Accuracy and tolerances of each growth and fabrication step should
be considered already during the designing phase. And vice versa, knowledge of
critical points in growth and fabrication can be applied to develop a stable design
which will avoid possible problems. A VCSEL design can be optimized in such a
way that the overall complexity of the whole manufacturing process is minimized.
Some critical issues in growth can be avoided by applying additional fabrication
steps and vice versa.

After the VCSEL designing process was considered in the previous chapter,
VCSEL growth and fabrication will be described in the present chapter. To obtain
correct measurement results at high frequencies and to interpret them properly are
additional decisive not trivial tasks in the laser research process. Measurement
results and analysis of 980 nm SML-VCSELSs, 980 nm QW-VCSELs and 850 nm
QW-VCSELs manufactured within the framework of the present thesis would be
presented in the following chapters.

3.1 Growth of the VCSEL Epitaxial Structure

Epitaxial growth is a very critical and complex process. High quality semicon-
ductor material resulting from epitaxial growth is an absolutely indispensable
precondition for proper laser manufacturing. There are two mature technologies,
which have established themselves for growth of high quality VCSEL wafers: the
metal-organic chemical vapour deposition (MOCVD), sometimes called also
metal-organic vapour phase epitaxy (MOVPE), and the molecular beam epitaxy

A. Mutig, High Speed VCSELs for Optical Interconnects, Springer Theses, 85
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(MBE). The growth process in an MOCVD reactor results from the reaction of the
products, created when the growth precursors decompose on contact with the hot
substrate. The main growth control parameters are gas fluxes, substrate tempera-
ture, reactor pressure and growth time. In an MBE reactor growth materials are
contained separately in effusion cells in elemental form, and molecules evaporate
off from the cells under high vacuum condition bringing epitaxial material to the
substrate. The flux of molecules is controlled by varying the cell temperatures and
operating the cell shutters.

Each of these epitaxial growth technologies has their advantages [1]. One of the
main advantages of the MOCVD is the higher growth rate, making this technology
more suitable for large scale VCSEL mass production. Because gas fluxes can be
varied continuously, also compositional gradings can be easily realized. One of the
main advantages of the MBE is the more precisely control of the layer thicknesses,
especially for very thin layers. Because of the limited number of the effusion cells
in an MBE reactor, only a relatively small number of compositions is possible
within one growth process. Compositional gradings are realized in MBE by
deposition of two compositions with different thicknesses, as demonstrated in
Fig. 3.2 for an example of a 10 nm thick AlGaAs linear grading from pure GaAs
to Aly.ooGag 10As. Such gradings are called digital gradings.

In the present work VCSELs grown with both MBE and MOCVD were fab-
ricated and investigated. Because of the better thickness control, which is very
important for the growth of the SML active region [2], MBE technology was
applied for the epitaxial growth of 980 nm SML-VCSELSs. The growth sequence
for the SML InGaAs active region is schematically shown in Fig. 3.3, where small
rectangles represent In-rich material.

Fig. 3.2 AlGaAs 10 nm 0.90
thick digital grading grown 1 —
by MBE, applied in the DBR
mirrors of the 980 nm SML-
VCSELs investigated in this 0.27-
work 9 |-}~

0.00 U'(.)-)' F

Al,Gag,As | 0.2nm! 0.6 nm! 1.0nm! 1.4nm! 1.8 nm!

GaAs 1.8 l'I.l'I'I 1.4 nm 1.0 nm 0.6 nm 0.2 nm
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Fig. 3.3 Schematic
illustration of the SML
growth for the InGaAs
active region; small
rectangles represent
In-rich material
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First, on the GaAs matrix less than one monolayer of InAs is deposited,
resulting in formation of one monolayer thick In-rich islands on the GaAs surface.
These islands are overgrown in the next step with several monolayers of GaAs,
leading to a flat surface. After that the second InAs deposition takes place. The
growth of the islands in the third step is affected by the underlying structure,
resulting in a vertical correlation between different In-rich layers. The whole
procedure is repeated several times, leading to a high quality InGaAs active
region.

For the 980 SML-VCSELs described in this work following parameters for the
active region grown in the SML growth regime were applied: nominal growth
temperature was 490°C, nominal thickness of the InAs submonolayers in a stack
was 1 A, nominal thickness of the GaAs layers between the InAs submonolayers
in a stack was 6 A, the number of the InAs submonolayers in one stack was 10.
Active region of SML-VCSELSs contained three SML-stacks, each consisting of 10
InAs submonolayers. Between SML-stacks 13 nm thick GaAs spacers were
grown. Nominal emission wavelength was calibrated to be at 970 nm. Average In
composition in a SML-stack was around 20%. For DBR mirrors digital gradings
shown in Fig. 3.2 were applied. All compositional gradings in the MBE grown
VCSELs were digital gradings.

For devices having QWs as active region MOCVD growth was applied,
bringing VCSELSs one step closer to the possible future commercialization. These
were 980 nm QW-VCSELs and 850 nm QW-VCSELs. In these devices 20 nm
thick gradings were utilized. In all devices fabricated and investigated in this work,
both with MBE and MOCVD, carbon (C) was used as p-type dopant and silicon
(Si) as n-type dopant.

Growth quality and emission wavelength of the active region was controlled
by measuring of the photo luminescence (PL) on calibration structures. Overall growth
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quality of the whole VCSEL structure was inspected by investigation of the wafer
surface in respect to possible growth defects. Defect density and cavity dip wavelength
were strictly controlled. Fig. 3.4 shows as example a map of the cavity dip wavelength
of the 980 nm SML-VCSEL wafer, measured after the MBE growth process. As one
can see, more than 90% of the surface is within growth specifications, ensuring a proper
growth process.

3.2 VCSEL Fabrication Technology

The final phase of the VCSEL manufacturing is the device fabrication process. It
starts with a wafer coming from the epitaxy and commonly consists of several
steps. The number of steps can vary depending on the complexity of the fabri-
cation from only a few steps up to 15-20 steps or even more. Also the complexity
of any individual step as well as of the whole fabrication procedure can vary
noticeable. For VCSELs aiming future markets possibility of a large scale
industrial production should be one of the important considerations. For this
purpose it is of a great importance to hold the number of steps as well as their
complexity limited. The overall fabrication process should be optimized in respect
to integrity and simplicity to achieve high yield, proper laser performance, high
device reliability, and to keep possible costs low. These considerations are also
important for a researcher, since high-quality reliable devices coming from a high
yield fabrication contribute deciding to a laser research and development process.

There are several competing factors, which affect laser performance and thus
should be considered during the device designing process. These are thermal,
internal and electrical properties already mentioned in the previous chapter.

Fig. 3.4 Cavity dip
wavelength of the 980 nm
SML-VCSEL wafer
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While small mesa diameters and deep mesa etching are needed to reduce electrical
parasitics, from the thermal point of view rather larger mesas and shallow etching
are preferable. Higher doping levels in the mirrors and in the cavity region reduce
electrical resistance of the devices but also increase absorption losses. Small oxide
aperture diameters reduce mode volume and threshold current, and this improves
the high speed performance of the lasers, but this also increases current density and
decreases output power. Thus the overall laser design incorporates a rather com-
plex compromise of many competing factors, including high modulation speed,
high thermal conductivity, large output power, and low current density for a better
device reliability.

In the present work all VCSELSs have been fabricated using the same optimized
mask set and the same fabrication steps. However, because of different process
parameters of several critical steps, first of all of the selective wet oxidation,
VCSELs with different characteristics could be realized, ensuring laser perfor-
mance progress not only by improvements of the epitaxial structure but also
because of the optimizations in the fabrication process.

For the on-chip characterization the number of steps could be reduced, since no
additional mechanical stability for bonding etc. is required. The optimized fabri-
cation scheme for all VCSELSs investigated in this work consists of eight steps and
is shown in Fig. 3.5. The fabrication starts with an epitaxial wafer (Fig. 3.5a) and
some cleaning steps, which were introduced also in the proper places of the
following fabrication process. All fabrication steps were optimized for manufac-
turing of a quarter of a 3''-wafer, resulting in a relatively straightforward, very
stable, homogeneous, highly reproducible and reliable process flow. The overall
fabrication process yield on a quarter 3"-wafer was higher than 95%, providing
many hundreds of VCSELs for a comprehensive detailed characterization.

After the initial cleaning top metal contact was deposited using electron beam
evaporation system (Fig. 3.5b). All VCSELSs described in the present work have p-
type doped top DBR mirror. The bottom DBR mirror was n-type doped for all
devices. The top p-type contact was a Ti/Pt/Au contact with the corresponding
nominal metal thicknesses of 20/50/300 nm. In this step also the backside n-type
contact have been evaporated, which was a Ni/AuGe/Au contact with 10/100/
300 nm metal thicknesses. The AuGe layer was an alloy consisting of 88% Au and
12% Ge. The backside contact can be used for structures grown on n-type doped
substrates for laser testing in the middle of the fabrication after the fifth step, and
also for better control of the selective wet oxidation by utilizing calibration test
structures, which can be electrically contacted and measured. In the case of
undoped substrates the backside contact can not be used and can be skipped.

After the first metal deposition step the first mesa etching was performed in an
inductive coupled plasma reactive ion etching (ICP-RIE) machine and Cl-based
plasma process (Fig. 3.5¢). The etching depth was controlled by the in situ
reflectivity measurement system. As one example, in situ reflectivity measure-
ments during the first and the second mesa etch of the 980 nm QW-VCSELs are
shown in Fig. 3.6. Mirror pairs of the top and bottom DBR mirror as well as the
cavity region can be clearly seen, enabling etch stop with a proper precision.
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(a) Wafer as grown

(b) Top and backside contact deposition (c) First mesa etching

(d) Second mesa etching (e) Bottom contact deposition

1
I

(f) Oxidation and annealing (g) BCB planarization

1
I

(h) Metal deposition for level alignment (i) Deposition of GSG contact pads

I
I

Fig. 3.5 VCSEL fabrication schema with individual steps. Position of the active region is shown
in red, metal contacts are yellow, oxide aperture is light-blue and BCB is light-green. AlGaAs is
shown in black and grey
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Fig. 3.6 In situ reflectivity measurements during the first (a) and the second (b) mesa etch of the
980 nm QW-VCSELs in the ICP-RIE reactor

The etching process was stopped after the cavity and a few of the bottom DBR
mirror pairs have been exposed to ensure proper selective wet oxidation of the
aperture layers with high Al content in the fifth step. The diameters of the first
mesa varied nominally from 25 up to 36 um in steps of 1 pum, giving the possi-
bility to characterize up to twelve VCSELs with different oxide aperture diame-
ters. The first mesa etching depth was in the range of ~4—6 pum, depending on the
VCSEL structure.

The second mesa etching (Fig. 3.5d) was performed in the third step using the
same machine and etching process. The presence of the second mesa aims to
increase VCSEL thermal conductivity compared to the variant with only one deep
mesa etching step. The radius of the second mesa is nominally 40 pm larger than
the radius of the first mesa, improving heat flow from the active region to the
substrate. At the same time the bottom n-type doped contact layer is exposed in
this etching step.

As the next step n-type Ni/AuGe/Au bottom contact is deposited (Fig. 3.5¢)
using the same machine and process as in the first step for the backside contact.
Both p-type top and n-type bottom contacts, evaporated in the first and fourth
steps, can be contacted from the wafer surface, enabling further fabrication into
design suitable for high speed on-wafer measurements.

After all the contacts have been deposited and the aperture layer with high Al
content have been exposed during the first mesa etch, one can proceed with the
formation of the oxide apertures by the selective wet oxidation of AlGaAs to
AlLLOy (Fig. 3.5f). The oxidation is carried out at temperatures between 400 and
420°C. Simultaneously the contacts are annealed. Because the oxidation rate is
very sensitive to temperature and composition variations, special care is necessary
during this step. Commonly variation of the oxidation rate leads to a difference of
the oxide aperture diameters across the wafer piece for devices with the same first
mesa diameter. This variation was in the range of 2-5 um for a quarter piece of the
3”_wafer. Fig. 3.7 shows an SEM picture of the side view of a 850 nm QW-
VCSEL, where two oxide apertures can be clearly seen as partially darken layers.
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Fig. 3.7 SEM picture of the
side view of a 850 nm QW-
VCSEL showing oxide
apertures (long partially
darken layers) and partially
oxidized Alg9oGag 10As
layers of the top DBR mirror
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The sixth step was the optical lithography process utilizing thick bisbenzo-
cyclobutene (BCB) layer for device planarization and reduction of parasitic con-
tact pad capacitance (Fig. 3.5g). This is a very important step to overcome the
limitation associated with electrical parasitics. BCB thickness depends thereby not
only on the process parameters but also on the VCSEL geometry and geometry of
surrounding structures. Thicknesses in the range of ~8-11 pum have been used for
devices investigated in this work, enabling reduction of the parasitic pad capaci-
tance to values as low as only a few femtofarads.

Before the final metal deposition for the ground-signal-ground (GSG) high
frequency contact pads an additional metal deposition step should be carried out to
align the different height levels of the top p-type and bottom n-type contacts
(Fig. 3.5h). For a better adhesion of the metal to BCB Cr/Au contacts were used
with 50/300 nm thicknesses, respectively.

Finally, GSG high frequency Cr/Au contact pads were evaporated (Fig. 3.51)
using the same machine and process as in the seventh step. After this step fabri-
cated VCSELs are ready for immediate CW and high frequency characterization.

Fig. 3.8 shows two SEM images of a fabricated VCSEL with the diameter of
the first mesa equal to 32 um. Hereby the entire VCSEL and a closer view are
represented. Top and bottom contacts, GSG pad, two mesas and BCB layer can be
clearly recognized.

Optical microscope images of a fabricated VCSEL array with different diam-
eters of the first mesa and thus of the oxide aperture are shown in Fig. 3.9. The
wafer can be cut between individual VCSELs, so that each VCSEL can be picked
up from the array and placed into a package etc.

Summarized, a very stable, reliable, straightforward fabrication process with
high yield and good uniformity was developed, aiming among other high VCSEL
thermal conductivity, low electrical parasitics, high speed operation, on-wafer
characterization and device reliability. The number and complexity of fabrication
steps were minimized to optimize the process for a possible mass production and
to reduce fabrication costs. Yields of 95% and higher were achieved, enabling
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Fig. 3.8 SEM images of a fabricated VCSEL with the mesa diameter of 32 pum, showing the
entire VCSEL and a closer view with contacts, two mesas, GSG pad and BCB layer

Fig. 3.9 Optical microscope images of a fabricated VCSEL array with different mesa and thus
aperture diameters from 25 up to 36 um

detailed characterization of fabricated VCSELs, which will be presented in the
following chapters.

References

1. Sale TE (1995) Vertical cavity surface emitting lasers. Research Studies Press Ltd., Taunton

2. Krestnikov I, Ledentsov NN, Hoffmann A, Bimberg D (2001) Arrays of two-dimensional
islands formed by submonolayer insertions: growth, properties, devices (review). Phys Stat Sol
A 183(2):207-233



Chapter 4

High Temperature Stable 980 nm
VCSEL Results

4.1 VCSELs with the SML Active Region

To achieve high temperature stability the whole VCSEL structure including active
region, cavity region and DBR mirrors should be optimized. In the first generation
of 980 nm VCSELSs presented in this work one of the main optimization was the
use of the active region grown in the submonolayer growth mode [4-8].
Depending on the growth conditions, active layers with carrier confinement centers
caused by the composition and thickness variations can be fabricated [9]. These
confinement centers increase high temperature stability of the active region by
decreasing probability of thermal carrier escape processes. Also binary GaAs was
applied in the optimized DBR mirrors, increasing their thermal conductivity. In the
cavity region, AlGaAs layers with Al composition of 80% were utilized,
increasing the thermal conductivity further. The overall design optimization in
respect to high speed at high operating temperatures resulted in VCSELs operating
at 20 Gbit/s at temperatures from O up to 120°C. These were to the best of our
knowledge worldwide first VCSELs showing an open eye at 20 Gbit/s at 120°C.

4.1.1 Device Structure

The 980 nm SML-VCSELs were grown on the n-doped GaAs (100) substrate by
MBE in order to achieve high quality, well controlled SML active region. The
active region consisted of a triple stack of InGaAs short period superlattices (SPS),
deposited in the submonolayer growth mode at 490°C to avoid reevaporation of In,
with 13 nm thick GaAs spacers in between, Each InGaAs SPS was built up by
SML deposition of 1 A InAs covered by 6 A GaAs, and repeating this procedure
ten times. Thus at the end of the growth three stacks with 10 SML layers in each
were present in the VCSEL structure, acting as active region. The SML growth in
the present structure resulted in an inhomogeneous distribution of the In compo-
sition and a variation of the thickness of each InGaAs SPS between 6 and 8 nm,

A. Mutig, High Speed VCSELs for Optical Interconnects, Springer Theses, 95
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found out by high resolution transmission electron microscopy and cross-sectional
scanning tunneling microscopy investigations.

Cavity region consisted to a largest part of AlygoGag0As and included Al rich
aperture layers in the field intensity node for a later selective wet oxidation. The Al
content of 80% used in the cavity layers provides a better thermal conductivity and
reduces the mesa capacity due to the smaller dielectric constant compared to e.g.
30% Al. The aperture layers were a 12 nm thick binary AlAs surrounded by two
9.2 nm thick AlgooGag 10As layers. During the selective wet oxidation all these
three layers, including a part of the surrounding Alj goGag0As material, oxidized
with different oxidation rates, leading to formation of a tapered Al,O, aperture,
reducing optical scattering losses. The cavity length was 3/2 A. In order to improve
the temperature stability of the lasers, the cavity was red shifted from the peak gain
at 25°C by nominally 15 nm.

To simplify device fabrication and avoid critical etching steps optimized doped
Alp9pGag 10As/GaAs DBR mirrors were applied for both top and bottom mirrors.
The top p-doped DBR contained 20.5 mirror pairs, while the bottom n-doped DBR
consisted of 32.5 mirror pairs. Linear gradings with 10 nm thickness were utilized
to improve electrical conductivity.

High speed devices with co-planar top contacts and different aperture diameters
were fabricated using the fabrication process described in the previous chapter. All
measured VCSELs have shown no noticeable degradation during the measure-
ments. VCSELs with aperture diameters smaller than ~3 pm have shown single-
mode behavior while lasers with larger aperture diameters were multimode. To get
a better understanding of physical processes and limiting factors of the fabricated
lasers, three types of VCSELs have been investigated: single-mode VCSELs with
aperture diameter ~2 pm, multimode VCSELs with aperture diameter ~5 pm
and VCSELs, which had aperture diameter of ~3 um and were single-mode at
lower currents but became multimode at higher current injection levels. In the
following sections results for three typical devices with nominal aperture diame-
ters of 2, 3 and 5 pm would be presented.

4.1.2 Static Characteristics

Proper static device characteristics are indispensable for a good high speed
VCSEL operation. VCSELs with different aperture diameters naturally have dif-
ferent static and dynamic characteristics. As we will see in this section, there is an
optimum value of the oxide aperture diameter, depending on the VCSEL structure,
to achieve a good compromise between high output power, low threshold current,
high differential efficiency, low electrical resistance, high thermal conductivity
and other important static and dynamic laser characteristics, which in the most
cases should be found experimentally.

In Fig. 4.1 L-I-curves and extracted values of the maximum differential effi-
ciency and threshold current at different temperatures between 25 and 120°C for
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Fig. 4.1 L-I characteristics (a) and extracted values of the maximum differential efficiency and
threshold current (b) at different temperatures between 25 and 120°C for the VCSEL with 2 um
aperture
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Fig. 4.2 Spectra at 25°C at different currents (a) and at 4 mA at different temperatures (b) for
the VCSEL with 2 pm aperture

the single-mode VCSEL with 2 pm oxide aperture diameter are presented.
The maximum output power of this device is ~2 mW at 25°C and reduces
to ~1.2 mW at 85°C, and is still ~0.8 mW at 120°C. The maximum differential
efficiency is hardly temperature dependent and reduces only from ~0.63 W/A at
25°C to ~0.51 W/A at 85°C, and is still ~0.43 W/A at 120°C. As one can see,
both the output power and the peak differential efficiency are very temperature
stable. The threshold current of the device is ~260 pA at 25°C and increases
to ~380 pA at 85°C and further to ~480 pA at 120°C. The overall change of the
threshold current from 25°C up to 120°C is smaller than by a factor of two, again
showing its good temperature stability. The differential resistance of the VCSEL
is ~380 Q at current of 3 mA at temperature of 25°C, which is a quite high value
and is caused by the small oxide aperture diameter of 2 um.

The VCSEL stays single-mode in the whole current and temperature range with
the side-mode suppression ratio (SMSR) larger than 30 dB, as shown in Fig. 4.2.
Emission wavelength of the device is in the range of ~985 nm.
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Fig. 4.3 L-I characteristics (a) and extracted values of the maximum differential efficiency and
threshold current (b) at different temperatures between 25 and 120°C for the VCSEL with 3 um
aperture

Static device characteristics at different temperatures for the VCSEL with 3 pum
aperture diameter are shown in Fig. 4.3. The maximum output power is temper-
ature stable and reduces only from ~4.7 mW at 25°C to ~3 mW at 85°C, and
further to ~2 mW at 120°C. The peak differential efficiency of the 3 pm VCSEL
at 25°C is larger than the peak differential efficiency of the 2 pm VCSEL and
is ~0.7 W/A compared to ~0.63 W/A for the 2 um device. It decreases at higher
temperatures to ~0.61 W/A at 85°C, and is still ~0.51 W/A at 120°C, but
remains at all temperatures larger than that of the 2 ym VCSEL. The threshold
current is ~290 pA at 25°C, decreases to ~250 pA at 50°C, and then increases
to ~300 pA at 85°C, and further to ~540 pA at 120°C, showing a clear mini-
mum around 50°C caused by the gain peak-cavity resonance detuning. This effect
is not clearly observed for the single-mode VCSEL with 2 um aperture diameter,
because the increase of the gain due to the reduced detuning is overcompensated
by the larger increase of the internal losses, which are temperature and also photon
density dependent [10]. In addition small-aperture devices usually have a higher
carrier density in the active region and confinement layers, making their internal
efficiency more temperature sensitive. The differential resistance of the 3 pm
VCSEL is ~200 Q at 6 mA at 25°C.

In Fig. 4.4 L-I characteristics and values of maximum differential efficiency
and threshold current at different temperatures for the VCSEL with 5 pm aperture
diameter are shown. Logically this device has larger output power as compared to
the previous two, which is ~8.4 mW at 25°C. It reduces to ~4.9 mW at 85°C,
and is still ~3.2mW at 120°C. The maximum differential efficiency
is ~0.68 W/A at 25°C and reduces only to ~0.55 W/A at 85°C and further
to ~0.45 W/A at 120°C. The gain—cavity detuning is clearly observed by taking a
look at the threshold current as a function of temperature. The threshold current
has the value of ~860 pA at 25°C, decreases to ~700 pA at 50°C, and then
increases to ~790 pA at 85°C and further to ~1.22 mA at 120°C. The differ-
ential resistance of the 5 pm VCSEL is consequently lower as compared to the
smaller aperture devices and has the value of ~92 Q at 12 mA at 25°C.
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Fig. 4.4 L-I characteristics (a) and extracted values of the maximum differential efficiency and
threshold current (b) at different temperatures between 25 and 120°C for the VCSEL with 5 um
aperture
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Fig. 4.5 Spectra of the 3 um VCSEL at different currents (a) and of the 5 pm VCSEL at
12.5 mA (b) at 25°C

As one can see from Figs. 4.1, 4.3 and 4.4 the 3 um VCSEL has the largest
maximum differential efficiency at all temperatures as compared to the other two
devices with 2 and 5 pm aperture diameter. Also the reduction of the maximum
output power from 25 to 120°C has for this device the lowest value compared to
another two VCSELSs, which is a factor of ~2.4 for the 3 pm VCSEL, compared
to the factor of ~2.5 for the 2 um VCSEL and ~ 2.6 for the 5 um VCSEL. Thus
the 3 um VCSEL appears to be the optimal laser for high speed operation, as will
be confirmed during the high speed characterization.

Figure 4.5a shows emission spectra at 25°C at different current injection levels
for the 3 um VCSEL. It can observed, that in this laser a single-mode emission at
lower currents converts to a multimode emission at higher currents. The 5 pm
VCSEL operates in the whole current and temperature range multimode. Spectrum
of the 5 um VCSEL at 12.5 mA at 25°C is shown in Fig. 4.5b.

By measuring VCSEL emission wavelength as a function of the chuck tem-
perature near the threshold, where self heating could be assumed to be negligible
and the inner temperature of the device to be approximately equal to the chuck
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Fig. 4.6 Dependence of the VCSEL emission wavelength on the chuck temperature (a) and
temperature shift as a function of the generated thermal power in a VCSEL (b) with
corresponding linear fits for the VCSEL with aperture diameter of 2 um

temperature, one can extract dependence of the VCSEL wavelength on the laser
inner temperature. Thus, one obtains the possibility to extract the temperature of
the active region from the measured VCSEL emission wavelength. Figure 4.6a
shows the temperature as a function of the laser wavelength for the 2 um VCSEL.
A linear dependence can be easily recognized.

Plotting the difference between the laser inner temperature and the ambient
temperature as a function of the thermal power, generated in the investigated
VCSEL, one gets access to the thermal resistance of the device, which is defined
by (2.3.8). The generated thermal power could be easily calculated from the
measured L-U-I characteristics according to (2.3.9). In Fig. 4.6b the described
dependence of the temperature shift on the generated thermal power is plotted
again for the 2 pm VCSEL with the corresponding linear fit. Both linear fits in
Fig. 4.6 represent the measured points very well. From the slope of the second fit
the thermal resistance of the investigated device can be extracted directly, which
has the dimensions of K/mW.

Following the described schema, thermal resistances of the three VCSELs were
measured to be ~4.97, ~3.20 and ~2.10 K/mW for the 2, 3 and 5 pum devices,
correspondingly. With increasing aperture diameter, thermal resistances decrease,
as expected. Estimated inner device temperatures for different VCSELs as
function of the driving current at a fixed chuck temperature of 25°C are shown in
Fig. 4.7. Thermal rollover takes place at temperatures around ~ 100°C in the case
of the smaller 2 ym VCSEL and at temperatures around ~ 120°C for the 3 and
5 um VCSELs.

As can be seen from the measured static characteristics, all investigated
VCSELs demonstrate good temperature stability in respect to the output power,
differential efficiency and threshold current. Nevertheless the laser with the
aperture diameter of 3 pm has a weaker decrease of the output power with
temperature and a larger differential efficiency at all temperatures.
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Fig. 4.7 Output power and estimated inner temperature as functions of the driving current at a
fixed chuck temperature of 25°C for the 2 pum VCSEL (a), 3 pm VCSEL (b) and 5 pm VCSEL (c¢)

4.1.3 Small Signal Modulation Analysis

Small signal modulation response and scattering parameters were measured on the
VCSELs described in the previous section using a network analyzer and a calibrated
photodetector in the range from 50 MHz to 20 GHz. The extraction procedure of the
physical parameters was similar to that described in [11] and was as follow. First,
the measured optical small signal modulation response (S,;) was corrected for the
response of the photodetector. Then, using the equivalent circuit model shown in
Fig. 2.27b and described in the previous chapter, the parasitic resistances and
capacitances inside of the VCSEL were extracted by fitting the circuit model to the
measured microwave reflection curves (S;;). After that, using the values for the
parasitic elements and the equivalent circuit model, the parasitic low pass curve for
the electrical microwave transmission was calculated using (2.2.35-2.2.38) and
subtracted from the calibrated measured optical data. Finally the resonance frequency
fr and damping factor y were extracted using the theoretical rate equation
(2.4.57), which is equivalent to (2.4.75) without the parasitic low pass. This method of
data extraction has several advantages as compared to methods that fit the measured
S, curve data to the full equation (2.4.75), to get all three fitting parameters—
resonance frequency, damping factor and parasitic cut-off frequency—only from one
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Fig. 4.8 Measured scattering parameters S;; at 6 mA at 25°C with corresponding fits (a) and
measured modulation response S, at different currents at 25°C with corresponding fits (b) for the
3 um VCSEL

fit. First, the use of more experimental information (here the measured S,; and Sy,
curves) minimizes the error of the extracted parameters. The second advantage is that
one is not limited to the first order low pass response of the form found in the second
part of the equation (2.4.75) with the parasitic cut-off frequency f,. Instead the
calculated form of the parasitic low pass response based on the parameters extracted
from the measured S;; data is used and this makes the fits more exact.

To illustrate the extracting procedure, real and imaginary part of the measured
scattering parameters S;; at 6 mA and 25°C for the 3 pum VCSEL are shown in
Fig. 4.8a. Corresponding fits are presented also, showing an excellent agreement
with experiment. For each value of the current electrical parasitics are calculated
from the parameters estimated by the fits of the corresponding S;; curves.

Using the calculated electrical parasitic low pass curves S;;, modulation response
curves S, for different currents can be fitted and are shown in Fig. 4.8b for the 3 pm
VCSEL at 25°C. Again, all fits demonstrate an excellent agreement with experi-
mental data. From each modulation response fit S, relaxation resonance frequency
fr and damping factor y are obtained. Together with the parasitic cut-off frequency f,,
obtained from the fits of the scattering parameters S, these are the three parameters,
which can be directly estimated from the measured S;; and S,; for every current
value. Combining parameters obtained from the measurement data at different
currents one gets access via linear fits to the D-factor, the K-factor and the damping
factor offset yg, according to Egs. 2.4.70 and 2.4.65. Figure 4.9 demonstrates the
described relationships for the 3 pm VCSEL at 25°C. Hereby in the case of the
relaxation resonance frequency only several points at lower currents should be con-
sidered, in order to exclude thermal and also gain compression effects. From the fit
the D-factor of ~5.58 GHz/Sqrt(mA) is obtained for the 3 pm VCSEL at 25°C.

As can be seen from Fig. 4.9, linear fits match very well to the experimental
data, making extraction of the parameters possible. According to the last term in
(2.4.63), several points near the threshold in Fig. 4.9b have larger value of the
damping factor because of the small photon density N,, but at higher currents this
term becomes negligible and all points match very well to the linear fit. Thus the
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K-factor can be easily obtained and is for the 3 pm VCSEL 0.50 nm at 25°C.
It corresponds to the maximum achievable bandwidth of ~17.7 GHz, if the laser
would be limited only by damping. In some cases extracted values of the damping
factor show a super linear dependence on the squared relaxation resonance
frequency, mainly because of the thermal and gain compression effects, making
extraction of the K-factor difficult. In such cases directly investigation of the form
of the modulation transfer function curves at different currents and of the
dependence of the relaxation resonance frequency and bandwidth on the current
helps to find out factors limiting high speed operation of the VCSEL and the role
of the damping in these processes.

Figure 4.10 shows three characteristic frequencies: the relaxation resonance
frequency fg, the parasitic cut-off frequency f, and the bandwidth or the
3 dB-frequency f 345, extracted at different currents at 25°C for the 3 pm VCSEL.
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From this figure limiting factors of the high speed operation can be clearly located.
While the relaxation resonance frequency achieves values larger than 15 GHz, the
maximum bandwidth is ~12.5 GHz at 4.5 mA. This fact shows, that the laser
speed is not crucial limited by the thermal effects, because the relaxation
resonance frequency rises to higher values as the 3 dB-frequency, and in the
absence of other limiting factors the maximum thermal limited bandwidth would
be larger than 23 GHz, according to (2.4.76). As we have seen from Fig. 4.9b, the
maximum damping limited bandwidth would be about ~ 17.7 GHz, which comes
closer to the measured bandwidth values. Thus the 3 um VCSEL is noticeably
limited by damping. Finally, considering the extracted parasitic cut-off frequen-
cies, which are around ~13 GHz, one can realize that electrical parasitics
represent the second strong limitation. Thus the 3 pm VCSEL is limited not by the
thermal effects but by a combination of damping and electrical parasitics.

For the high temperature stable VCSELs it is of a great importance to understand
temperature dependence of the main laser parameters. It can be enabled by carrying
out small signal modulation measurements at different temperatures, starting from
the room temperature. Since the 3 um VCSEL shows high speed behavior similar to
the single-mode 2 pm VCSEL, as we will see in the following, only two devices
can be considered for the temperature dependent small signal modulation analysis:
the 2 pum single-mode VCSEL and the 5 pym multimode VCSEL.

The small signal modulation response of the single-mode 2 pm device at 25°C
and at different currents is shown in Fig. 4.11a, together with the fits of the
modulation transfer function used for the parameter extraction. Figure 4.11b
shows data at 4 mA between 25 and 120°C. The maximum 3 dB-bandwidth at
25°C is 12.9 GHz, comparable to the maximum bandwidth of the 3 pum VCSEL.

The bandwidth of the 2 pm VCSEL at constant current is hardly temperature
dependent and changes at 4 mA between 25 and 120°C by <2 GHz from 12.9 to
11 GHz. The reason is the weak temperature dependence of the resonance
frequency, shown in Fig. 4.12a. The maximum resonance frequency changes only
from ~14.5 GHz at 25°C to ~10.7 GHz at 120°C. The D-factor, obtained from

@ 6/ (b) s SR
gE = Aperture 2 pm 1 g Aperture 2 pm
m 3 S 25 °C | N et 4 mA;
ST 6t i §° 6 E
S g 9f i =¢ 9 ;
89 2 ] T o -12f
S £ -15¢ ] S € .5t ;
B Q -18f —osma i B 8-8f —ac ]
§ @ -21F ——07mA 3 § @ -21F —50°C
o -24¢ 1,5mA 1 O 24t 85°C
27F ——4mA E 27 —100°C
-30 ¢ fits =30 F 120 °C
_33 1 1 1 1 1 1 1 1 1 _33 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency, GHz Frequency, GHz

Fig. 4.11 Small signal modulation response with corresponding fits at 25°C for different
currents (a) and small signal modulation response at a constant current of 4 mA for temperatures
between 25 and 120°C (b) for the 2 um VCSEL
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Fig. 4.12 Relaxation resonance frequency as a function of the square root of the current over
threshold at 25, 85 and 120°C with corresponding fits of the linear parts (a) and D-factor and
K-factor as a function of the temperature for the 2 um VCSEL

the linear fit of the resonance frequency over the square root of the current above
threshold for low currents, is shown as a function of the temperature in Fig. 4.12b.

The D-factor changes only by less than 25% from 8.1 GHz/Sqrt(mA) at 25°C to
6.1 GHz/Sqrt(mA) at 120°C. According to Eq. 2.4.70 the changes of the D-factor
are caused by the changes of the differential gain a, mode volume Vp and internal
quantum efficiency #;. If one assumes that internal quantum efficiency and mode
volume do not change with temperature noticeable, then the changes of the
D-factor would reproduce the changes of the differential gain. In reality however,
the mode volume and internal quantum efficiency are temperature dependent, but
the temperature dependence of their combination together with differential gain in
the presented device is weak.

Estimated K-factors at different temperatures from 25°C up to 120°C are shown
in Fig. 4.12b as well. The K-factor is almost constant and is in the
range ~0.40-0.45 ns. The maximum possible bandwidth with this K-factor
is ~20 GHz. The resonance frequency in the single-mode 2 um device reaches
values larger than the 3 dB-frequency. The parasitics bandwidth is even lower than
the 3 dB-frequency and is around ~9 GHz. The bandwidth is therefore limited by
the combination of damping and electrical parasitics. The main source of electrical
parasitics are two large capacitances: the pad capacitance C, and the capacitance
of the oxide aperture and junction C,, which have the values of ~85 and ~?200 ff,
respectively, combined together with the relative large resistance of the active
region R, caused by the small aperture diameter.

The small signal modulation responses of the multimode 5 pum VCSEL at 25°C
and at different currents with the corresponding fits are shown in Fig. 4.13a. The
maximum 3 dB-bandwidth at 25°C is 13 GHz. Figure 4.13b shows S,; data at
12.5 mA and different temperatures. The bandwidth of the multimode 5 pm device is
also weakly temperature dependent and reduces at constant current only from 13 GHz
at 25°C to 9.9 GHz at 120°C. Figure 4.14a shows the resonance frequency as a
function of the square root of the current over threshold and the corresponding linear
fits for different temperatures. The maximum resonance frequency is 12 GHz at 25°C
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Fig. 4.13 Small signal modulation response with corresponding fits at 25°C for different
currents (a) and small signal modulation response at a constant current of 12.5 mA for
temperatures between 25 and 120°C (b) for the 5 um VCSEL

(@ 13— ® sop 05
120 . 25 45F o
N F ° 85 nc ®. —_—
o T 10} 2 40¢ \ /o\. 0.4 _
o O 9} - g 35 a0 ® )
c - 8} o= 30} & " jo3 £
© 5 7t S £ 30 «— ——a =g
c c 6f o (o8 25 =
] o S v =]
8 g s5¢ w N 20¢ 02 5
€ g 3l O 15 <
& 2f ] G 10} 101
P) L Aperture 5 ym ] 05¢ Aperture 5 pm
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 00 20 e0 80 100 120 °
Sqrt(l-l,,), Sqrt(mA) Temperature, °C

Fig. 4.14 Relaxation resonance frequency as a function of the square root of the current over
threshold at 25, 85 and 120°C with corresponding fits of the linear parts (a) and D-factor and
K-factor as a function of the temperature for the 5 pum VCSEL

and 7.3 GHz at 120°C. These values are smaller as compared to the resonance
frequencies of the single-mode 2 um VCSEL and of the 3 um VCSEL. The reason is
the smaller D-factor due to the larger mode volume Vp of the multimode 5 pm
VCSEL as compared to the single-mode 2 pm VCSEL and also to the 3 pum VCSEL.
The D-factor of the multimode 5 pm VCSEL is shown in Fig. 4.14b. It changes from
3.3 GHz/Sqrt(mA) at 25°C to 2.9 GHz/Sqrt(mA) at 120°C and is hardly temperature
dependent. The small D-factor is the reason for the fact that the multimode 5 pm
VCSEL can not reach a high resonance frequency before thermal roll over. At 25°C
chuck temperature the temperatures inside the cavities at the beginning of the thermal
roll over are for both 2 pum VCSEL and 5 um VCSEL comparable, as we have seen
previously. But because of the larger D-factor the single-mode 2 um VCSEL reaches
larger resonance frequencies as compared to the multimode 5 pum laser.

The K-factor of the multimode device is shown in Fig. 4.14b too and is also
weakly temperature dependent. Its value is about ~0.40 ns, which is similar to
those of the single-mode 2 pym VCSEL.
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In the case of the 5 um VCSEL the relaxation resonance frequencies are
smaller than the 3 dB-bandwidth. Thus the multimode laser is limited noticeable
by the smaller D-factors or in other words by the smaller relaxation resonance
frequencies and thus by the thermal effects. The bandwidth of the electrical
parasitics is ~ 14 GHz and additionally restricts the 3 dB-bandwidth. Parasitic
capacitances are ~ 65 fF for the C,, and ~290 {F for the C,.

Performed small signal measurements have shown excellent temperature
stability of the investigated VCSELs, which results mainly from the optimized
active region and cavity. Indicated presence of confinement centers in the active
region would result in a decreased carrier in-plane mobility improving the high-
temperature performance. In small aperture VCSELs with conventional QWs a
significant portion of carriers are lost at high temperatures due to carrier reemis-
sion into the separate confinement heterostructure region and lateral carrier dif-
fusion out of the active area. Thus a reduced in-plane mobility of the carrier in the
active region improves the temperature stability of small aperture devices.
The presence of the gain offset balances the decreasing peak differential gain with
temperature, increasing its temperature stability further [12]. These optimization
steps have resulted in measured bandwidths around ~13 GHz at 25°C
and ~ 10 GHz at 120°C, which should enable device operation at 20 Gbit/s at all
temperatures from 25 up to 120°C.

Additionally, small signal analysis has enabled to find out factors limiting high
speed operation of the lasers. It has been recognized, that all investigated VCSELs
are noticeable limited by electrical parasitics. Thus to increase the bandwidth,
reduction of the parasitic capacitances is indispensable. Damping represents the
second limitation, which is weaker and limits the bandwidth to values
of ~18-20 GHz. Thermal heating limits larger VCSELs and can be overcome by
increasing the D-factor, which means by optimizing the active region and cavity,
and also by reducing thermal resistance of lasers. It will open the way to reach
larger relaxation resonance frequencies in VCSELs with larger aperture diameters,
reducing current density and improving device reliability.

4.1.4 Large Signal Modulation Characteristics

An application oriented proof of the high speed properties of a VCSEL are large
signal modulation measurements or the so called optical eye diagrams. Thereby
the eye form, the eye extinction ratio (ER) and the eye signal-to-noise ratio (SNR)
are among other important characteristics, which give access to the laser behavior
during the data transmission process at a defined bit rate.

Optical eye diagrams for the three VCSELs: the 2 um single-mode VCSEL, the
3 um VCSEL and the 5 pm multimode VCSEL, measured at 25°C using a 2’ —1
pseudo-random bit sequence (PRBS) at 20 Gbit/s in a back-to-back (BTB)
configuration (~3 m fiber) with an SHF 12100 B bit pattern generator and a
New Focus 1554-B-50 photoreceiver are shown in Fig. 4.15.
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Fig. 4.15 20 Gbit/s 2’—1 PRBS back-to-back eye diagrams and signal-to-noise ratios at 25°C
for the 2 um VCSEL (left), 3 um VCSEL (middle) and 5 pum VCSEL (right)
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Fig. 4.16 20 Gbit/s 2’—1 PRBS back-to-back eye diagrams and signal-to-noise ratios between
25 and 120°C for the constant bias current of 4.3 mA and modulation voltage of 1.22 V for the
2 um single-mode VCSEL

The eyes are clearly open for all three VCSELs and have SNR larger than 6.
Extinction ratio was above 4 dB for all measurements. The rise and fall times of
the traces are in parts limited by the photoreceiver bandwidth of ~ 12 GHz. For
the smaller two VCSELs—the 2 um VCSEL and the 3 um VCSEL, the eye form
is symmetric and no noticeable overshoot is observed. The form of the multimode
5 pm VCSEL becomes asymmetric, with several traces and an overshoot. While at
temperatures up to 100°C optical eyes from all three devices remain comparable,
at higher temperatures the two smaller VCSELs demonstrate better eye form and
SNR, so that in the following these two devices would be investigated closer.

In Fig. 4.16 optical eye diagrams at 20 Gbit/s for temperatures between 25 and
120°C for the single-mode 2 um VCSEL are shown, measured in the same
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configuration as eye diagrams in Fig. 4.15. The measured signal-to-noise ratios are
also given. The bias current and peak-to-peak modulation voltage V,_, were kept
constant at 4.3 mA and 1.22 V for all measurements, respectively. This gives the
possibility to drive the VCSEL in the possible future application without addi-
tionally electronics, making its installation and operation cheaper. The eyes are
clearly open and error free at all temperatures from 25 up to 120°C. The SNR is
6.2 at 25°C and 5.0 at 120°C; extinction ratio was above 4 dB for all measured eye
diagrams.

The 3 pum VCSEL has demonstrated even better results and has the best large
signal modulation characteristics compared to all investigated 980 nm
SML-VCSELs. Optical eye diagrams of the 3 pm VCSEL were measured using the
same measurement configuration as described above. Again, as in the case of the
2 pm VCSEL, for all measurements with the 3 pm VCSEL the bias current and
modulation voltage V,_, were kept constant at 6 mA and 1.2 V, respectively.
Figure 4.17 shows the results for 20 Gbit/s for temperatures between 0 and 120°C.
The eyes are clearly open over the whole temperature range up to 120°C. The SNR
is 6.0 at 0°C, 6.2 at 25°C and 5.3 at 120°C. The extinction ratio was above 4 dB for
all temperatures. The 3 pm 980 nm SML-VCSEL is the first of any VCSELs at any
wavelength showing a 20 Gbit/s open eye at 120°C, to the best of our knowledge.

As one can see, all investigated 980 nm SML-VCSELS are able to operate at bit
rates as high as 20 Gbit/s at room temperature. Because of their optimized
structure the operation temperature can be increased up to 120°C for the smaller
VCSELs without adjustment of the driving conditions, leaving the eye quality
hardly affected. The eyes remain clearly open, ensuring a proper VCSEL operation
during the data transmission process at 20 Gbit/s at temperatures from 0°C in the
case of the 3 pm VCSEL and from 25°C for the 2 um VCSEL up to 120°C for
both devices.

Thus, large signal modulation experiments have demonstrated the suitability of
the 980 nm SML-VCSELSs to transmit data at 20 Gbit/s in the temperature range
from 0 to 120°C and confirmed high temperature stability of the investigated lasers.

4.1.5 Summary of the 980 nm SML-VCSEL Results

Optimization of the cavity region and both mirrors for high thermal conductivity,
low electrical resistance and low optical losses, together with the usage of the
highly strained InGaAs layers grown in the submonolayer growth mode in the
active region, enhancing its the thermal stability, have led to realization of high
temperature stable 980 nm VCSELSs operating at 20 Gbit/s at temperatures from 0
up to 120°C. These were first VCSELs showing an open eye at 120°C at 20 Gbit/s.
Both CW and high frequency laser characteristics have demonstrated very stable
behavior within a wide temperature range up to 120°C.

Small signal modulation experiments were carried out and provided access to
the key physical parameters of investigated 980 nm SML-VCSELs, among other
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Fig. 4.17 20 Gbit/s 2’—1 PRBS back-to-back eye diagrams and signal-to-noise ratios between
0 and 120°C for the constant bias current of 6 mA and modulation voltage of 1.2 V for the 3 pm
VCSEL

to relaxation resonance frequency, 3 dB-frequency, parasitic cut-off frequency,
damping factor, D-factor and K-factor. By analyzing these parameters and their
dependences on current and temperature, factors limiting the high speed laser
operation have been evaluated. It has turned out that the 980 nm SML-VCSELs
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with smaller oxide aperture diameters in the range of 2—3 um are limited mainly
by electrical parasitics and also by damping. Lasers with larger oxide aperture
diameters were limited by a combination of electrical parasitics and thermal
effects. Also damping plays some role in the limitation at larger apertures.

Consequently, to improve high speed properties of the VCSELs further, one
needs to overcome these limitations. First of all electrical parasitics should be
suppressed, which can be achieved by applying multiple oxide apertures and by
reducing the laser mesa diameter. While in the 980 nm SML-VCSELs only one
oxide aperture was applied and laser mesa diameters in the range of ~34-36 pm
were used, one can apply in the next generation devices with two apertures and mesa
diameters of ~25-30 pm, which should reduce parasitic capacitances noticeable.
To overcome the damping and thermal limitations further optimization of active
region and cavity should be applied. In the next Sect. 980 nm QW-VCSELs will be
presented, where improvements of both epitaxial structure and device fabrication
have led to large signal operation at bit rates of 25 Gbit/s and higher.

4.2 VCSELs with the QW Active Region

From the measurement results of the 980 nm SML-VCSELs, presented in the
previous section, physical processes limiting high speed device operation have
been identified. The strongest limitation was caused by electrical parasitics.
Additionally, damping played a noticeable role, while thermal processes had a
weaker effect on high speed laser properties. To overcome these limitations the
second generation of 980 nm VCSELs—the 980 nm QW-VCSELs—was
designed, grown, fabricated and analyzed. The main difference to the 980 nm
SML-VCSELs grown by MBE, which were presented in the previous section, was
the growth of the 980 nm QW-VCSEL structures by the MOCVD technique,
moving these devices one step closer to a possible large scale production, and also
introduction of the compressively strained InGaAs QWs as active region instead of
the InGaAs layers grown in the submonolayer growth mode, making the 980 nm
QW-VCSELs more insensitive and robust to possible variations of the growth
process. Further optimization of the VCSEL structure enabled to increase the laser
bandwidth by more than 20% and achieve bit rate of 25 Gbit/s at 85°C.

4.2.1 Device Structure

The growth of the 980 nm QW-VCSELs was performed by MOCVD on the
n-doped GaAs (100) substrates. Laser active region consisted of five compres-
sively strained 4.2 nm thick Ing,;Gag79As QWs separated and surrounded by
6 nm thick GaAsgggPg 1> tensile strained compensation layers to ensure high
quality defect-free crystal growth of the VCSEL structure. By introduction of the
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compressive strain to the active QWS their transparency carrier density is reduced
and their differential gain is enhanced [13]. Both effects improve high speed
properties of the lasers. The QWs together with the strain compensation layers
were surrounded by the two 20 nm thick Al 35GagesAs barrier layers to improve
carrier localization in the active region.

In order to overcome limitations for high speed operation, which have been
identified in the previous section for the 980 nm SML-VCSELs, also cavity region
of the 980 nm QW-VCSELSs has been optimized. To reduce electrical parasitics
two 30 nm thick AlyogGaggrAs aperture layers have been introduced, instead of
one AlAs aperture layer in the 980 nm SML-VCSELSs. The first aperture was in the
first top DBR pair closest to the cavity region, and the second aperture was inside
the cavity just below the DBR. This should reduce the capacitance of the oxide
layers and thus increase the cut-off frequency of electrical parasitics. The 2% of
Ga in the aperture layers help to reduce mechanical strain introduced during the
selective wet oxidation process. The cavity length was 3/2 4, since it is a good
compromise between a short cavity and a proper distances between active layers
and aperture region. Similar to the 980 nm SML-VCSELs, the cavity was red
shifted from the peak gain at 25°C by nominally 15 nm in order to improve the
temperature stability of the lasers. To overcome the damping limit doping profiles
in the cavity region and also in the mirrors have been optimized further, in order to
reduce optical losses while leaving electrical resistance acceptable low.

Doped Alg 90Gag 10As/Al1,Gag ggAs DBR mirrors were applied for both top and
bottom mirror. The top p-doped DBR consisted of 23.5 mirror pairs, while the
bottom n-doped DBR contained 37.5 mirror pairs. Linear gradings with 20 nm
thickness were applied to reduce electrical resistance of the mirrors.

With the same fabrication process, as was applied for the 980 SML-VCSELs,
high speed 980 nm QW-VCSELs with co-planar top contacts and different aper-
ture diameters were manufactured. One important difference was in the selective
wet oxidation time, resulting in devices with smaller laser mesa diameters at the
same oxide aperture diameters, as compared to the 980 nm SML-VCSELs. While
in the case of the 980 nm SML-VCSELs, described in the previous section, oxide
aperture diameters of ~5 um corresponded to laser mesa diameters of ~35 pm,
in the case of the 980 nm QW-VCSELSs the same aperture diameters corresponded
to laser mesa diameters of ~30 um, which is 5 um smaller, additionally reducing
parasitic capacitances. Fields, each containing ten devices with different mesa and
thus aperture diameters in steps of nominally 1 um, were accessible for
measurements after the high yield fabrication process, enabling detailed charac-
terization of laser properties at different oxide aperture diameters.

4.2.2 Static Characteristics

Fields containing ten 980 nm QW-VCSELs with aperture diameters from 4 up to
13 ym in steps of 1 pm were investigated. Corresponding L-I and U-I
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Fig. 4.18 L-I characteristics (a) and U-I characteristics (b) of a VCSEL array with aperture
diameters from 4 to 13 pm in steps of 1 um at room temperature
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characteristics for a measured field at room temperature are shown in Fig. 4.18.
Maximum output powers from ~0.7 mW for the 4 pm aperture device up
to ~5.9 mW for the 13 pm aperture device were measured. Extracted values of
the differential resistances and maximum differential efficiencies for the measured
VCSELs are shown in Fig. 4.19. According to the increase of the aperture
diameter differential resistance decrease from ~250 Q for the 4 pm aperture
VCSEL down to the ~30 Q for the 13 pm aperture device. The maximum diff-
erential efficiency increases with the aperture diameter from ~0.21 W/A for the
4 pm aperture up to ~0.35 W/A for the 13 um aperture. The increase of the
differential efficiency with the oxide aperture diameter could be explained
according to (2.4.19) and (2.4.20) by improved current injection efficiency #; at
larger apertures and reduced effect of the scattering losses, which are included into
the internal cavity losses o;. By analyzing the CW data of the investigated VCSELs
with different oxide aperture diameters can be expected, that devices with aperture
diameters in the range of 7-10 pm should be mostly suitable for high speed
operation, because of their sufficient large maximum output powers, which are
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Fig. 4.20 Square root of the threshold current (a) and the roll-over current to the 2/3 power
(b) for VCSELs with different oxide aperture diameters with corresponding linear fits

between 2.5 mW for the 7 pm aperture device and 4.3 mW for the 10 um aperture
VCSEL, sufficient low differential resistances, which are between 74 and 38 Q,
and reasonable values of the maximum differential efficiencies, lying between 0.30
and 0.34 W/A. Additionally, these devices have nominal mesa diameters of
30-33 um, resulting in lower parasitic capacitances.

By plotting the square root of the threshold current as a function of the oxide
aperture diameter one can prove, whether all investigated VCSELs have similar
threshold current density. In fact, as can be seen from the Fig. 4.20a, measurement
data of the eight from the ten investigated VCSELs match to the linear fit.
The deviation of the measured threshold currents for the two lasers with smaller
aperture diameters could be explained by the edge effects, caused by the inho-
mogeneous current distribution.

According to (2.3.17) one can plot the roll-over current to the power of 2/3 as a
function of the aperture diameter, as shown in Fig. 4.20b. Again, all measured
devices, excepting the two VCSELs with the smallest aperture diameters, match
very well to the linear fit. Both diagrams in Fig. 4.20 confirm the high quality of
the growth and fabrication processes, resulting in defined and predictable laser
parameters, including among other mesa diameters, oxide aperture diameters,
threshold currents, etc.

Since the most suitable for high speed operation VCSELs have aperture
diameters in the range from 7 to 10 um, temperature dependent CW charac-
teristics were measured for the 7 um aperture and for the 10 pm aperture devices
and are shown together with the extracted temperature dependent values of the
maximum differential efficiency and threshold current in Figs. 4.21 and 4.22,
respectively.

As follows from Fig. 4.21a, the maximum output power is very temperature
stable and decreases from ~2.5 mW at 20°C to ~1.5 mW at 85°C, which
is ~60% of the value at 20°C. This change of the output power with temperature
is comparable to the 980 nm SML-VCSELSs investigated in the previous section,
where the maximum output power at 85°C had values of ~58-64% of the value at
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Fig. 4.21 L-U-I characteristics (a) and extracted values of the maximum differential efficiency
and threshold current (b) at different temperatures between 20 and 85°C for the VCSEL with
7 um aperture
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Fig. 4.22 L-I characteristics (a) and extracted values of the maximum differential efficiency and
threshold current (b) at different temperatures between 20 and 85°C for the VCSEL with 10 um
aperture

25°C for different aperture diameters. The threshold voltages are in the range
of ~1.5V for all measured temperatures, comparable to the 980 nm
SML-VCSELs. The maximum differential efficiency shown in Fig. 4.21b is also
hardly temperature dependent and decreases from ~0.31 W/A at 20°C only
to ~0.24 W/A at 85°C. The changes of ~22% in the case of the 980 nm
QW-VCSELSs are comparable to the changes of ~19% in the case of the 980 nm
SML-VCSELs. One of the main effects contributing to the high temperature
stability of the investigated QW-VCSELSs is the 15 nm detuning between the gain
peak and the cavity dip at room temperature, which is nominally identical to the
value applied in the SML-VCSELSs described in the previous section. The effect of
the detuning can be directly observed by taking a look at the threshold current as a
function of temperature, shown in Fig. 4.21b. A minimum around 50°C can be
clearly seen, resulting in the overall changes of the threshold current in the whole
temperature range from 20 up to 85°C of only ~61 pA, which corresponds to
only ~19% of the maximum value. The threshold current is ~337 pA at 20°C,
decreases to ~275 pA at 50°C and then increases to ~323 pA at 85°C. The high
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temperature stability of the threshold current, and thus of the threshold carrier
density, is one of the most important preconditions for the high temperature
stability of the high speed laser properties, as follows from the rate equation theory
described previously, where important laser parameters, e.g. differential gain,
depend on the carrier density. From the measured temperature dependent spectra
thermal resistance of ~3.23 K/mW was obtained for the 7 um QW-VCSEL,
which is larger than for the SML-VCSELs described in the previous section and
can be explained by the usage of the ternary alloys in the DBR mirrors in the
980 nm QW-VCSELs, leading to a lower thermal conductivity of these devices
compared to the 980 nm SML-VCSELSs. Nevertheless, the measured value of the
thermal conductivity is sufficient to ensure acceptable temperatures of the active
region and confirms the suitability of the MOCVD grown ternary mirrors for high
temperature stable laser operation.

In Fig. 4.22a, measured L-U-I characteristics for the 10 um aperture VCSEL
for temperature between 20 and 85°C are presented. The maximum output power
changes only from ~4.3 mW at 20°C to ~2.6 mW at 85°C. The change is only
40% of the value at 20°C, which is practically identical to the 7 um aperture
QW-VCSEL and to the SML-VCSELs investigated previously. The threshold
voltage is also in the range of ~1.5V, similar to the 7 pm aperture
QW-VCSEL. Figure 4.22b shows extracted values for the maximum differential
efficiency and threshold current as a function of temperature. The differential
efficiency decreases only from ~0.34 W/A at 20°C to ~0.27 W/A at 85°C and
the relative change is comparable to the 7 pm aperture QW-VCSEL and to the
SML-VCSELSs presented in the previous section. The measured threshold current
shown in Fig. 4.22b exhibits a clear minimum around 50°C, resulting from
the gain—cavity detuning. It has the value of ~584 pA at 20°C, reduces
to ~504 pA at 50°C and then increases up to ~577 pA at 85°C. The overall
relative changes in the whole temperature range are even smaller as compared to
the 7 um aperture QW-VCSEL and are only ~14%. The measured thermal
resistance is ~2.24 K/mW, which is logically lower as that of the 7 um laser,
because of the larger oxide aperture diameter of the 10 um aperture VCSEL,
according to (2.3.10). In fact, dividing the value of 3.23 K/mW for the 7 um
aperture VCSEL by the value of 2.24 K/mW for the 10 um aperture device,
results in a factor of ~ 1.44, practically identical to the reverse proportion of the
oxide aperture diameters 10-7, which is equal to ~ 1.43, fully confirming the
theoretical prediction.

Finally, Fig. 4.23 shows emission spectra of the 7 um aperture VCSEL and of
the 10 pum aperture VCSEL at 20°C. Both devices operate at wavelengths near
980 nm and both spectra are multimode because of the relatively large aperture
diameters.

Measured CW characteristics confirmed high quality growth and fabrication
processes, leading to predictable laser characteristics for different oxide aperture
diameters. Temperature dependent measurements demonstrated high temperature
stability of the static characteristics of the investigated 980 nm QW-VCSELs,
which is decisive for high temperature stable high speed device operation.
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Fig. 4.23 Emission spectrum of the 7 pm aperture VCSEL at 10 mA (a) and of the 10 um
aperture VCSEL at 15 mA (b) at 20°C
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Fig. 4.24 Small signal modulation response with corresponding fits at room temperature for
different driving currents (a) and extracted values of the parasitic cut-off frequency (rectangles),
relaxation resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the
current (b) for the VCSEL with 6 pm aperture diameter

4.2.3 Small Signal Modulation Analysis

To investigate high speed properties of the fabricated 980 nm QW-VCSELSs, small
signal modulation measurements were carried out and corresponding physical
parameters were extracted. The extraction procedure was the same as described
earlier. Complete VCSEL field containing ten devices was characterized. Since
physical properties depend on oxide aperture diameter, important laser parameters,
among other parasitic cut-off frequency, relaxation resonance frequency,
3 dB-frequency, damping, D-factor and K-factor, were extracted for each of the
measured VCSELs with different aperture diameters from 4 up to 13 pm.

In Figs. 4.24, 4.25 and 4.26 measured small signal modulation curves with
corresponding fits and also extracted values for the parasitic cut-off frequency,
relaxation resonance frequency and 3 dB-frequency are shown for three
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Fig. 4.25 Small signal modulation response with corresponding fits at room temperature for
different driving currents (a) and extracted values of the parasitic cut-off frequency (rectangles),
relaxation resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the
current (b) for the VCSEL with 8 pm aperture diameter

(a) Mo
Aperture 13 pm ——3 mA ] 22¢ ]
4mA ] 20_ ... L - n L] - ] d
8mA N 1563- e "
o ——13mA 16f =" :
§% 2mal © 1af R
S & 2 12f s e o]
ER c 10} . . ® ]

< 9 [ At .
-3 3 8 at e A
= n O gL a e’ P ]
g o rys age’® e f 1
L 2@ ° Aperture 13 ym At ]
L L n 0 I I I I I 1 1 1 1 1

024 6 81012141618202224262830 0246 810121416182022242628
Frequency, GHz Current, mA

Fig. 4.26 Small signal modulation response with corresponding fits at room temperature for
different driving currents (a) and extracted values of the parasitic cut-off frequency (rectangles),
relaxation resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the
current (b) for the VCSEL with 13 pum aperture diameter

characteristic VCSELs with aperture diameters of 6, 8 and 13 pm. All fits
reproduce experimental results very well.

All three VCSELs demonstrate similar maximum bandwidth in the range
of ~15-16 GHz. The effect of electrical parasitics on high speed properties is in
all three VCSELs not dominant, because of the relatively large parasitic cut-off
frequency of larger than 20 GHz for all investigated devices. Although all three
VCSELs have similar maximum bandwidth, each of them shows different high
speed behavior, as can be obtained from the Figs. 4.24, 4.25 and 4.26. While
relaxation resonance frequency of the 6 pm VCSEL reaches values comparable to
or even higher than the 3 dB-frequency (Fig. 4.24), the relaxation resonance
frequency of the 8 um VCSEL is smaller than the 3 dB-frequency (Fig. 4.25) and
for the 13 pm device this difference is even larger (Fig. 4.26).
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This ratio of the 3 dB-frequency to the relaxation resonance frequency as a
function of current for the three VCSELSs is shown in Fig. 4.27. As can be seen, at
low currents this ratio reaches for all three VCSELSs values larger than 1.45, which
is close to the ideal value of ~1.55, obtained for the case of absent damping and
electrical parasitics (2.4.76). At larger currents the relaxation resonance frequency
increases, and the ratio of the 3 dB-frequency to the relaxation resonance
frequency begins to decrease, since damping starts to play a noticeable role at
larger relaxation resonance frequencies and thus currents, according to (2.4.65).
Because relaxation resonance frequency saturates for devices with larger aperture
diameters at lower values, this ratio remains for such lasers larger, as can be
obtained from Fig. 4.27. If a VCSEL would be limited mostly by thermal heating,
the ratio would grow up at lower currents and then remain approximately constant.
Since it is not the case for the VCSELSs investigated here, one can conclude that the
lasers are not limited by the thermal effects, although they play larger role for
devices with larger aperture diameters, because the ratio of the 3 dB-frequency to
the relaxation resonance frequency is for these devices larger as for lasers with
smaller aperture diameters. Since electrical parasitics do not limit the VCSEL
speed decisively, it can be concluded that damping plays a major role in limiting
the VCSEL speed.

The major role of the damping can be confirmed by extracting the K-factor.
In Fig. 4.28a extracted values of the D-factor and the K-factor are presented for ten
investigated VCSELs with different aperture diameters from 4 up to 13 pm.

As can be seen, values between ~0.53 and ~0.37 ns for the K-factor were
obtained, which corresponds to the maximum damping limited bandwidth
of ~17-24 GHz, according to (2.4.77). Together with a weaker effect of electrical
parasitics this leads to the measured bandwidths around ~ 15-16 GHz. Maximum
parasitic cut-off frequencies, relaxation resonance frequencies and 3 dB-frequen-
cies for the ten measured VCSELs with different aperture diameters are shown
in Fig. 4.29, demonstrating again the smaller maximum relaxation resonance
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Fig. 4.28 Extracted D-factor and K-factor as a function of the oxide aperture diameter at room
temperature (a) and inverse D-factor (1/D) for different aperture diameters with the correspond-
ing linear fit (b)
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frequencies for lasers with larger apertures, while the maximum 3 dB-frequency
remains comparable for all aperture diameters. The maximum parasitic cut-off
frequency has a maximum at aperture diameters around ~9 pm and reaches there
values larger than 23 GHz. This behavior can be explained by the trade-off
between decreasing differential resistances for devices with larger aperture
diameters and increasing capacitances for larger aperture and mesa diameters,
resulting in some optimum aperture and mesa diameter.

According to (2.4.70), the D-factor is inversely proportional to the square root
of the mode volume, and thus, as was also confirmed numerically in Fig. 2.16, to
the aperture diameter. This dependence can be clearly obtained from the
Fig. 4.28b, where the inverse value of the D-factor is shown as a function of the
aperture diameter. Again, edge effects for the two VCSELs with the smallest
aperture diameters of 4 and 5 pm cause some difference in the values, compared to
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the linear fit, but the overall trend is unmistakably, additionally confirming high
growth and fabrication process quality and predictability of the physical properties
for VCSELs with different aperture diameters. The D-factor reaches values larger
than 9.3 GHz/Sqrt(mA) for the VCSEL with 4 pm aperture diameter and decrease
with increasing aperture down to ~2.7 GHz/Sqrt(mA) at 13 um aperture
diameter. Optimization of the active region leaded to much larger D-factors for the
980 nm QW-VCSELs as compared to those of the 980 nm SML-VCSELs for
nominally identical aperture diameters. For example, the D-factor of the 980 nm
QW-VCSEL with 5 pm aperture diameter is with ~ 6.9 GHz/Sqrt(mA) more than
twice larger than the D-factor of the 5 pm aperture 980 nm SML-VCSEL
with ~3.3 GHz/Sqrt(mA). Larger D-factors help decisively to reach large
bandwidth already at low driving currents, enabling high speed operation in a
broader current range, which is an important precondition for good eye quality at
higher bit rates.

As can be seen from Fig. 4.29, the maximum bandwidth is hardly dependent on
the aperture diameter. The largest bandwidth was measured for the VCSEL with
8 pm aperture diameter and was as large as ~ 16.2 GHz, which is an improvement
by more than 3 GHz as compared to the 980 nm SML-VCSELSs, where maximum
bandwidths of ~ 13 GHz were measured. The extracted D-factor for this VCSEL
was ~4.2 GHz/Sqrt(mA), the extracted K-factor was ~0.39 ns. By optimizing
device design and epitaxial structure, drastic reduction of electrical parasitic
capacitances has been achieved, resulting in the contact pad capacitance C, of
only ~3 fF and the capacitance of the oxide aperture and active region C, of
only ~ 190 fF for the 8 um aperture 980 nm QW-VCSEL. Directly comparing the
contact pad capacitance C, of the 980 nm SML-VCSEL with 5 pm aperture
diameter, which is ~65 fF, to the contact pad capacitance of the 980 nm QW-
VCSEL with nominally the same aperture diameter of 5 um, which is ~1.3 fF,
significant reduction can be obtained, caused by utilizing of the thicker BCB
planarization layer and optimizing of the laser structure. The more important
capacitance of the oxide aperture and active region C, was reduced by a factor of
two by applying two oxide apertures in the 980 nm QW-VCSELs instead of one
single aperture in the 980 nm SML-VCSELSs, as can be obtained again by com-
parison of the values of this capacitance for the 980 nm QW-VCSEL and 980 nm
SML-VCSEL with the nominally identical aperture diameter of 5 pm.
This capacitance is ~290 fF for the 5 pm aperture 980 nm SML-VCSEL
and ~ 143 {F for the 5 pm aperture 980 nm QW-VCSEL, fully corresponding to
the doubling of the thickness of the oxide aperture region.

To investigate high speed properties of the 980 nm QW-VCSELs at elevated
temperatures, temperature dependent small signal modulation measurements were
carried out for two VCSELs with aperture diameters of 7 and 10 pm. Since the
most suitable for high speed and high temperature operation devices are expected
to have aperture diameters in between, the temperature dependent behavior of
these two VCSELSs is important to investigate. Measurements at three character-
istic temperatures of 20, 50 and 85°C were carried out and corresponding laser
parameters were extracted.



122 4 High Temperature Stable 980 nm VCSEL Results

(a) 9 LB B e e p i S B e A S (b)24 LI B S B B S B L

6 Aperture7pm —— 1 mA 1 22} 909 °C e

3t ——2mA 1 N 20 = " 4
cB 0 ama{ T 18} " ]
6 ° 3t —8mA] (5 16[+ ]
59 6F ] - 141 RSN I
g 2 9 1 312- A 4 o ° ° B
© 9 -12} ] 5 10} a .

] %'15' ] S 8r s, ]
= o 18t 1 Toel - . ]
1™ w A ©® . f
21 = 4b.,° v ]
24} 20°C L ofpe Aperture7pm A f . ]

=27 b 0 . A .

0246 81012141618202224262830 012345678 910111213
Frequency, GHz Current, mA

Fig. 4.30 Small signal modulation response with corresponding fits at 20°C for different driving

currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation

resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the current (b) for
the VCSEL with 7 pm aperture diameter
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Fig. 4.31 Small signal modulation response with corresponding fits at 50°C for different driving
currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation
resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the current (b) for
the VCSEL with 7 pm aperture diameter

Figure 4.30 shows measured small signal modulation response at 20°C with
corresponding extracted values of the parasitic cut-off frequency, relaxation
resonance frequency and 3 dB-frequency.

The room temperature high speed behavior of the 7 pum VCSEL is similar to the
6 pm VCSEL described above. The relaxation resonance frequency reaches values
equal to the 3 dB-frequency, showing that the laser is limited mostly by the
damping, and thermal effects do not play significant role. Because the parasitic
cut-off frequency increases to values larger than 22 GHz, the impact of electrical
parasitics is also limited. Maximum bandwidth larger than 14.5 GHz at 20°C was
measured.

At higher temperatures the situation changes: relaxation resonance frequency
decreases as compared to 20°C and remains at 50 and 85°C below the
3 dB-frequency, as can be obtained from Figs. 4.31 and 4.32. Parasitic cut-off
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currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation
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Fig. 4.33 3 dB-frequency (a) and relaxation resonance frequency (b) at three different
temperatures of 20, 50 and 85°C as a function of current for the VCSEL with 7 um aperture
diameter

frequency remains practically unchanged at all three temperatures. At 50°C
maximum bandwidth increases to values larger than 15.5 GHz and decreases again
at 85°C to values around 14.5 GHz, directly showing the consequence of the
gain—cavity detuning, already confirmed by the CW measurements presented
previously. The maximum relaxation resonance frequency decreases all the way
through from ~14.3 GHz at 20°C to ~13.3 GHz at 50°C and further
to ~11.5 GHz at 85°C, corresponding to the temperature increase in the active
region at higher ambient temperatures. This decrease does not have a noticeable
effect on the bandwidth, because the VCSEL is limited not by the thermal heating
but mainly by the damping, as was already mentioned previously.

The excellent temperature stability of the bandwidth can be more clearly
recognized by plotting the 3 dB-frequency at all three temperatures in one figure, as
shown in Fig. 4.33a. The overall changes in the maximum 3 dB-frequency are
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Fig. 4.34 Damping factor as a function of the squared relaxation resonance frequency at 20, 50
and 85°C (a) and D-factor and K-factor as a function of the temperature for the VCSEL with
7 um aperture diameter

smaller than 1.5 GHz. These values are comparable to those of the 980 nm
SML-VCSELs, with the ~2.5 GHz larger maximum bandwidth for the 980 nm
QW-VCSELs. In Fig. 4.33b relaxation resonance frequency at different tempera-
ture is presented, showing a decrease of the maximum value at higher temperatures.

The increase of the maximum bandwidth at 50°C compared to 20°C is caused
additionally by the decrease of the K-factor, which can be obtained from the
measurement data according to Eq. 2.4.65. In Fig. 4.34a the damping factor as a
function of the squared relaxation resonance frequency with corresponding linear
fits for different temperatures is shown. The decrease of the K-factor with tem-
perature increase can be explained by the increasing absorption loss, which
decrease differential efficiency, as was shown in Fig. 4.21b for the same 7 pm
aperture VCSEL, and also photon lifetime. The decreased photon lifetime leads to
a decrease of the K-factor, according to 2.4.67, supporting higher or comparable
bandwidths at higher temperatures.

Figure 4.34b demonstrates extracted values of the D-factor and the K-factor at
20, 50 and 85°C. The D-factor increases from ~4.9 GHz/Sqrt(mA) at 20°C
to ~5 GHz/Sqrt(mA) at 50°C and then decreases to ~4.6 GHz/Sqrt(mA), while
the K-factor decreases continuously from ~0.52 ns at 20°C to ~0.44 ns at 50°C
and further to ~0.41 ns at 85°C. The combination of the very temperature stable
D-factor, small effect of electrical parasitics and weak effect of thermal heating
leads, together with decreasing damping at higher temperatures, to the very tem-
perature insensitive bandwidth in the whole temperature range from 20 up to 85°C,
as shown in Fig. 4.33a.

Temperature dependent small signal modulation measurements with corre-
sponding fits and extracted values of the parasitic cut-off frequency, relaxation
resonance frequency and 3 dB-frequency for the 980 nm QW-VCSEL with 10 pm
aperture diameter for temperatures of 20, 50 and 85°C are shown in Figs. 4.35,
4.36 and 4.37, correspondingly.

The high speed temperature behavior of the 10 um aperture device is in some
respect different from the 7 pm aperture VCSEL. Already at 20°C the relaxation
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Fig. 4.36 Small signal modulation response with corresponding fits at 50°C for different driving
currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation
resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the current (b) for
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resonance frequency is at all currents smaller than the 3 dB-frequency, showing a
larger effect of the thermal heating. Nevertheless, maximum bandwidth
of ~15.4 GHz was achieved at 20°C. The effect of electrical parasitics is also for
this device small at all temperatures, which follows from the temperature insen-
sitive maximum parasitic cut-off frequency of larger than 22 GHz at all three
temperatures.

The increased role of the thermal effects can be more clearly recognized at
higher temperatures, as shown in Figs. 4.36 and 4.37. At 50 and 85°C the
difference between the relaxation resonance frequency and the 3 dB-frequency
increases. The maximum bandwidth measured at 50°C was ~14.5 GHz
and ~13.2 GHz at 85°C.
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Fig. 4.37 Small signal modulation response with corresponding fits at 85°C for different driving
currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation
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Fig. 4.38 3 dB-frequency (a) and relaxation resonance frequency (b) at three different
temperatures of 20, 50 and 85°C as a function of current for the VCSEL with 10 pm aperture
diameter

The decrease of the 3 dB-frequency and of the relaxation resonance frequency
with the temperature can be more clearly obtained from the Fig. 4.38, where these
parameters for 20, 50 and 85°C are shown. Thus, the temperature stability of the
10 um aperture VCSEL is weaker as compared to the 7 um aperture device.
Nevertheless, the overall changes of the maximum 3 dB-frequency in the
temperature range from 20 up to 85°C are as small as ~2.2 GHz, again showing
reasonable good temperature insensitivity of the high speed properties of the
10 um aperture VCSEL.

The temperature behavior of the D-factor and the K-factor of the 10 pm
aperture VCSEL is similar to those of the 7 um aperture device and is shown
in Fig. 4.39b. The D-factor increases from ~3.48 GHz/Sqrt(mA) at 20°C
to ~3.53 GHz/Sqrt(mA) at 50°C and then decreases to ~3.35 GHz/Sqrt(mA) at
85°C, directly corresponding to the minimum of the threshold current around 50°C
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Fig. 4.39 Damping factor as a function of the squared relaxation resonance frequency at 20, 50
and 85°C (a) and D-factor and K-factor as a function of the temperature for the VCSEL with
10 pm aperture diameter

shown in Fig. 4.22b and caused by the gain—cavity detuning. The K-factor remains
practically constant at ~0.42 ns from 20 up to 50°C and then decreases
to ~0.38 ns at 85°C, as can be already seen in Fig. 4.39a.

Since all investigated physical properties have shown a continuously change
with the aperture diameter, one can conclude that devices with aperture diameters
between 7 and 10 pm have very temperature insensitive high speed characteristics,
e.g., bandwidth, relaxation resonance frequency, D-factor, K-factor and parasitic
cut-off frequency. Combined together with the very temperature stable CW
characteristics of these devices presented in the previous section, it demonstrates a
great potential and suitability of the 980 nm QW-VCSELSs for the high speed high
temperature stable data transmission and successfulness of the applied optimiza-
tion concepts, both for the epitaxial structure and for the laser design. In the next
section large signal modulation experiments carried out on 980 nm QW-VCSELs
at different temperatures will be presented.

4.2.4 Large Signal Modulation Characteristics

Large signal modulation experiments using a non-return to zero (NRZ) data format
with a (2”—1) pseudorandom binary sequence (PRBS) in a standard back-to-back
measurement configuration (BTB, ~3 m fiber) were performed with an SHF
12100 B bit pattern generator and a New Focus 1434-50-M photodetector on
980 nm QW-VCSELs with different aperture diameters, in order to proof the
ability of the investigated lasers to transfer data at high speed at different tem-
peratures. Best results were achieved for devices with aperture diameters between
7 and 10 pm.

In Fig. 4.40 the measured optical eye diagrams for data bit rates of 20, 25 and
30 Gbit/s at temperature of 25°C along with the corresponding forward drive
currents and extracted signal-to-noise ratios (S/N) are shown for the VCSEL with
7 um aperture diameter. The peak-to-peak drive voltage V,, was for all eye
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Fig. 4.40 Back-to-back, 2’—1 PRBS eye diagrams at 25°C at 20, 25 and 30 Gbit/s with
corresponding driving currents and signal-to-noise ratios at modulation voltage of 0.88 V for the
VCSEL with 7 um aperture diameter
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diagrams 0.88 V. All eyes are clearly open. The signal-to-noise ratio is ~7.9 at
20 Gbit/s, ~6.7 at 25 Gbit/s and ~4.9 at 30 Gbit/s. Extinction ratios of all
measured eye diagrams were around 4 dB. The measured clearly open eye
diagrams at bit rates up to 30 Gbit/s agree very good to the measured small signal
modulation bandwidths in the range of 14—15 GHz for the 7 um aperture VCSEL
presented in the previous section.

At the temperature of 85°C the VCSEL demonstrates clearly open eye diagrams
at bit rates up to 25 Gbit/s, as shown in Fig. 4.41. Signal-to-noise ratio of ~5.4
was measured at 85°C for the bit rate of 20 Gbit/s and for 25 Gbit/s it was ~4.5.
Although at higher temperatures the bandwidth remains practically unchanged,
because of the output power decrease the signal-to-noise ratio decreases, pre-
venting VCSEL operation at 30 Gbit/s at 85°C. The eyes at 85°C have a small
rising-edge overshoot, which is caused by the reduced damping, as discussed in the
previous section. The clearly open eye diagram at 25°C at bit rates up to 30 Gbit/s
and at 85°C at bit rates up to 25 Gbit/s unmistakably demonstrates the suitability
of the VCSEL to transfer data with such high frequencies at room temperature and
also at 85°C.

The best optical eye diagrams at different temperatures were obtained for the
VCSEL with 8 um aperture diameter. Figure 4.42 demonstrates the measured eye
diagrams at 25°C for different bit rates of 20, 25 and 30 Gbit/s for the 8§ pm
aperture VCSEL.

All eyes are clearly open up to bit rates of 30 Gbit/s. Signal-to-noise ratios
of ~8.9 at 20 Gbit/s, ~7.4 at 25 Gbit/s and ~5.3 at 30 Gbit/s were measured,
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Fig. 4.42 Back-to-back, 2’—1 PRBS eye diagrams at 25°C at 20, 25 and 30 Gbit/s with
corresponding driving currents and signal-to-noise ratios at modulation voltage of 0.88 V for the
VCSEL with 8 um aperture diameter
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Fig. 4.43 Back-to-back, 2’—1 PRBS eye diagrams at 85°C at 20 and 25 Gbit/s with
corresponding driving currents and signal-to-noise ratios at modulation voltage of 0.75 V for
the VCSEL with 8 pm aperture diameter

which are larger as compared to the values measured with the 7 um aperture
VCSEL. As in the case of the 7 um VCSEL, the eye diagrams of the § um VCSEL
at 20 and 25 Gbit/s clearly demonstrate plateaus corresponding to the “0” and “1”
signal levels. This fact unmistakably confirms that the quality of the eye dia-
grams at data rates of 20 and 25 Gbit/s is not limited by the laser speed. These
plateaus can be also obtained at these data rates at the temperature of 85°C for
both devices, as shown in Figs. 4.41 and 4.43, confirming again that the eye
quality at elevated temperatures at data rates up to 25 Gbit/s is limited not by the
laser speed but rather by the decreased optical output power and thus reduced
signal-to-noise ratio. At 30 Gbit/s the plateaus vanish and the eye diagram qual-
ity becomes affected also by the limited speed of the VCSEL, which practi-
cally perfectly corresponds to the maximum small signal modulation bandwidths
of ~14-16 GHz presented in the previous section.

Measured eye diagrams at 85°C at bit rates of 20 and 25 Gbit/s for the 8§ um
VCSEL together with the corresponding driving currents and signal-to-noise ratios
are shown in Fig. 4.43. The peak-to-peak modulation voltage V, , was for these
eye diagrams 0.75 V, which is smaller as compared to the voltage for the eye
diagrams measured at 25°C. The signal-to-noise ratios are also here larger as
compared to the 7 um VCSEL, and are ~6 at 20 Gbit/s and ~4.7 at 25 Gbit/s.
The S/N of the 20 Gbit/s 85°C eye is comparable to the S/N of the 980 nm
SML-VCSELs at the same bit rate of 20 Gbit/s and the same temperature of 85°C.
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Fig. 4.44 Back-to-back, 2’—1 PRBS eye diagrams at 25°C at 20, 25 and 30 Gbit/s with
corresponding driving currents and signal-to-noise ratios at modulation voltage of 0.75 V for the
VCSEL with 10 pm aperture diameter

But because of the increased bandwidth the 980 nm QW-VCSELs are able to
operate at 25 Gbit/s at elevated temperatures up to 85°C, which was not the case
for the 980 nm SML-VCSEL.

Finally, Fig. 4.44 demonstrates optical eye diagrams measured at 25°C at data
rates of 20, 25 and 30 Gbit/s with the 10 pm aperture VCSEL. Corresponding
driving currents and S/Ns are shown as well. The modulation voltage V,,_, was
0.75 V for all three eye diagrams.

The room temperature eye diagrams of the 10 um aperture VCSEL are very
similar to the eye diagrams measured at 25°C with VCSELs with 7 and 8 pm
aperture diameters. Signal-to-noise ratios of ~ 8.1 at 20 Gbit/s, ~6.5 at 25 Gbit/
s and ~4.8 at 30 Gbit/s were registered. But because of the reduced bandwidth
at 85°C as compared to the 7 and apparent to the 8 pm aperture devices
(Figs. 4.33 and 4.38), the 10 pm aperture VCSEL was limited to bit rates of
20 Gbit/s at 85°C.

The measured optical eye diagrams of the investigated lasers practically
perfectly agree to the measured small signal modulation bandwidths and fully
confirm the suitability of the 980 nm QW-VCSELSs to operate at bit rates up to
30 Gbit/s at 25°C and up to 25 Gbit/s at 85°C.

4.2.5 Summary of the 980 nm QW-VCSEL Results

CW, small and large signal modulation experiments have demonstrated
an excellent temperature stability of the 980 nm QW-VCSELs from room tem-
perature up to 85°C. Very temperature stable CW characteristics and very tem-
perature insensitive small and large signal modulation characteristics were
measured for VCSELs with different oxide aperture diameters, showing consistent
values of the physical parameters as a function of the aperture size. This fact
confirmed the very high quality of the growth and fabrication processes. Small
signal modulation bandwidths larger than 16 GHz at 25°C were obtained. The
overall bandwidth change with temperature in the range from 25 up to 85°C was
limited to only ~ 1.5 GHz for the best devices. Consequently, very temperature
stable and clearly open optical eye diagrams at bit rates up to 25 Gbit/s and
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temperatures from 25 up to 85°C were measured. At 25°C the eye diagrams remain
open even at bit rates up to 30 Gbit/s.

The excellent temperature stability of the 980 nm QW-VCSELs was achieved
by applying several additional optimization concepts, which were developed based
on the results of the 980 nm SML-VCSELs presented previously. First of all,
drastic reduction of both parasitic capacitances C, and C, was achieved by
applying an even thicker BCB layer, double oxide apertures and choosing smaller
mesa diameters for the same aperture sizes. The contact pad parasitic capacitance
was reduced from several tens of fF to only several fF, making it practically
negligible. The capacitance of the active region and oxide apertures was decreased
by more than a factor of two for nominally the same aperture diameter, and was as
low as ~143 fF for the 5 pm aperture 980 nm QW-VCSEL. The decreased
parasitic capacitances have lead to improvement of the parasitic cut-off frequency
to values larger than 22 GHz for devices with different aperture diameter.

The second major improvement was achieved by optimization of the active
region. Applying five highly strained 4.2 nm thick Ing,;Gag79As QWs separated
and surrounded by the 6 nm thick GaAsgggPp 1> strain compensation layers
resulted in an increase of the differential gain, which can be directly obtained by
comparison of the D-factor for nominally the same oxide aperture diameters.
While in the case of the 980 nm SML-VCSELs the D-factor of the 5 um aperture
VCSEL at room temperature was only ~ 3.3 GHz/Sqrt(mA), in 5 pum aperture
980 nm QW-VCSEL the D-factor was as high as ~6.9 GHz/Sqrt(mA), which is
by more than a factor of two larger, leading to a much faster increase of the
bandwidths with driving current and reducing the effect of thermal heating.
This has enabled to reach high bandwidths at larger aperture diameters, reducing
the operation current density and increasing device reliability. Also the utilizing of
the gain peak—cavity resonance detuning of nominally 15 nm has decisively
contributed to the excellent temperature stability of the 980 nm QW-VCSELs and
was confirmed by the CW and small signal modulation measurements, showing a
minimum of the threshold current and a maximum of the D-factor at temperatures
around 50°C.

From the small signal modulation experiments also limiting factors of the high
speed laser operation were obtained. The major limit is represented by the
damping. The corresponding K-factors were comparable for both 980 nm
QW-VCSELSs and 980 nm SML-VCSELs. To reduce damping the photon lifetime
should be reduced and the differential gain increased further, accordingly to
(2.4.67). The first can be achieved by reducing the number of the top DBR pairs,
which will simultaneously increase the differential efficiency, accordingly to
(2.4.19) and (2.4.20), and thus the output power. Since the limited output power
was a further limitation of the 980 nm QW-VCSELs, especially at high temper-
atures, reduction of the reflectivity of the top mirror will help also to overcome it.
Logically, an optimum value of the top mirror reflectivity should be aimed, in
order to keep the overall losses reasonable. To increase the differential gain,
thicker QWs could be applied, leading to an increased of the optical confinement
factor I' and thus decreased threshold gain g, and threshold current density N,
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accordingly to (2.4.23) and (2.4.25). The decreased threshold current density will
result in the increase of the differential gain a, according to (2.4.36).

All of the described optimization concepts were applied in the 850 nm
QW-VCSELSs, which will be presented in the next chapter, and have led to the
error free laser operation at the record high data rate of 38 Gbit/s.
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Chapter 5
High Speed 850 nm VCSEL Results

For future applications of semiconductor lasers in LAN/SAN, to increase the
maximum achievable bit rate at room temperature becomes the ultimate goal and
challenge, while the importance of the high temperature stability of the laser
properties plays a smaller role, as compared to application for on-chip, chip-to-chip
and module-to-module data transmission. From the other side, there are optical
standards which define the wavelength of 850 nm to be used for data transmission
in LAN/SAN, thus the freedom to choose any desired wavelength is no more
present. Consequently, to meet the requirements for the future LAN/SAN optical
data transmission, cheap and robust VCSELs emitting around 850 nm with the
highest possible data transmission bit rate should be realized. According to the
coming standards, lasers with the bit rate of 30 Gbit/s and larger are necessary in
the next several years. Additionally, optics is coming also to shorter distances and
in the near future definitively will replace copper-based data transmission lines for
such application like, for example, data communication between a personal
computer and portable devices (USB stick, mp3 player, etc.), between computer
and monitor, between TV and player, etc. These application fields require semi-
conductor lasers capable to a very cheap mass production, and VCSELs are
practically the only suitable candidates.

Following this motivation we have developed 850 nm QW-VCSELs optimized
to achieve the largest possible bit rate at room temperature. Additionally to the
optimizations already applied for the 980 nm QW-VCSELs described in the
previous chapter, thicker QWs have been utilized to increase the optical con-
finement factor and the number of the top DBR pairs was reduced to decrease the
damping and to increase the differential efficiency and the output power. These
optimization steps have lead to worldwide first 850 nm VCSELs operating error-
free at the bit rate of 38 Gbit/s at room temperature. These were also first of any
oxide-confined VCSELs operating at such high bit rates. At the elevated tem-
perature of 85°C error-free transmission at 25 Gbit/s has been measured, repeating
the worldwide record value measured few months earlier [1].

A. Mutig, High Speed VCSELs for Optical Interconnects, Springer Theses, 133
DOI: 10.1007/978-3-642-16570-2_5, © Springer-Verlag Berlin Heidelberg 2011
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5.1 Device Structure

Since the MOCVD growth technique is advantageously for cheap mass production
of photonic devices, the growth of the 850 nm QW-VCSELs was carried out by
MOCVD. Semi-insulating GaAs (100) substrates were used to reduce electrical
parasitics. Five compressively strained Ing osGag9sAs QWs were applied as active
region to increase differential gain. The thickness of the QWs was with 4.8 nm
thicker in the 850 nm QW-VCSELs as 4.2 nm used in the 980 nm QW-VCSELs,
which has increased the optical confinement factor. The thickness of the
Aly30Gag70As barriers utilized in the 850 nm QW-VCSELs was with 5 nm
thinner as the thickness of the GaAsgggPg 1, barriers used in the 980 nm QW-
VCSELs, which were 6 nm thick. This thickness reduction has also contributed to
the increase of the optical confinement factor. With the described improvements,
the calculated one-dimensional optical confinement factor in the 850 nm QW-
VCSELs was larger than 3.8%, which is more than 25% larger than the calculated
optical confinement factor in the 980 nm QW-VCSELs, which was 3.0%. This
improvement is decisive for the high speed laser properties and can be also used to
partially compensate increased losses because of the reduced number of the top
DBR mirror pairs, without sacrificing low threshold carrier density. Since the
850 nm QW-VCSELs were optimized for room temperature operation, gain peak—
cavity resonance detuning was reduced to nominally 8 nm, in contrast to 15 nm
applied in the high temperature stable 980 nm QW-VCSELs. The reduced gain
peak—cavity resonance detuning helps additionally to keep the threshold carrier
density reasonable low for a large differential gain, accordingly to (2.4.36). The
QWs with barriers were surrounded by the two 20 nm thick Al 30Gag70As barrier
layers to improve carrier localization in the active region.

Similar to the 980 nm QW-VCSELs described in the previous chapter, two
30 nm thick Aly9gGagpAs aperture layers lying in the field intensity nodes have
been introduced for optical and electrical guiding and for reduction of the elec-
trical parasitic capacitances. The first aperture was in the first top DBR pair closest
to the cavity region, the second aperture was inside the cavity just below the first
DBR pair, both positioned similar to the 980 nm QW-VCSELs. The cavity length
was 3/2 1.

Optimized doped Al 99Gag.10As/Al15GaggsAs DBR mirrors were applied for
both top and bottom mirror. The top p-doped DBR contained 22.5 mirror pairs,
while the bottom n-doped DBR consisted of 35 mirror pairs. Linear gradings with
20 nm thickness were applied to reduce electrical resistance of the mirrors, similar
to the 980 nm QW-VCSELs.

High speed 850 nm QW-VCSELs with co-planar top contacts and different
aperture diameters were fabricated, using the same fabrication process scheme as
for the 980 nm SML-VCSELSs and 980 nm QW-VCSELSs described in the previous
chapter. To decrease parasitic capacitances even further, oxidation length has been
further reduces, so that VCSELs with nominally 9 um aperture diameter were
realized not at 32 pm mesa diameter, as was the case in the already optimized
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980 nm QW-VCSELs, but at smaller mesa diameter of 28 pum. Fields with
VCSELSs with different aperture diameters were fabricated, enabling the search for
the optimum aperture size. Devices with aperture diameters between 6 and 9 pm
have shown the best high speed performance at relatively low current densities,
and their CW and high speed measurement results are presented in the next sec-
tions of this chapter.

5.2 Static Characteristics

Since the most suitable for high speed operation 850 nm QW-VCSELs were
devices with aperture diameters between 6 and 9 pm, in this section CW char-
acteristics of three devices with aperture diameter of 6, 7 and 9 um will be
presented. Static characteristics of the 850 nm QW-VCSEL with 6 pm aperture
diameter at different temperatures between 20 and 100°C are shown in Fig. 5.1
together with extracted values of the maximum differential efficiency and
threshold current.

The maximum output power is ~5.3 mW at 20°C and decreases to ~3.2 mW
at 80°C and further to ~2.5 mW at 100°C. The change of the output power with
the temperature is comparable to both 980 nm SML-VCSELs and 980 nm QW-
VCSELs. In all three cases the value of the maximum power at 80 or 85°C was
about ~60% of the value at 20 or 25°C. The maximum differential efficiency of
the 6 pm 850 nm QW-VCSEL is ~0.89 W/A at 20°C and decreases to ~0.74 W/A
at 80°C, and further to ~0.67 W/A at 100°C. These values are larger than the
values of the maximum differential efficiency of the 980 nm QW-VCSELs,
because of the reduced number of the top mirror pairs and also decreased internal
losses, arising among other from the shorter wavelength of 850 nm as compared to
980 nm. Again, the value of the maximum differential efficiency at 80°C is about
75% of the value at 20°C, which is pretty comparable to the changes in the 980 nm
SML-VCSELs and 980 nm QW-VCSELs. Comparable changes of the differential
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Fig. 5.1 L-U-I characteristics (a) and extracted values of the maximum differential efficiency
and threshold current (b) at different temperatures between 20 and 100°C for the VCSEL with
6 um aperture
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efficiency with the temperature for all investigated VCSELSs indicate comparable
changes of the internal losses with temperature increase, according to (2.3.15). This
fact contributes also to the similar changes of the maximum output power of all
investigated VCSELs. The large difference of the 850 nm QW-VCSELs, as com-
pared to both types of the 980 nm lasers, can be obtained by investigation of the
temperature behavior of the threshold current, which is shown for the 6 pm aperture
850 nm QW-VCSEL in Fig. 5.1b as well. The threshold current of the 6 pm laser
is ~295 pA at 20°C and increases to ~470 pA at 80°C and further to ~575 pA
at 100°C. Because of the smaller value of the gain—cavity detuning of nominally
8 nm no minimum in the threshold current as a function of temperature can be
obtained. Also the increase of the threshold current between 20 and 80°C is with
60% of the value at 20°C much larger than corresponding changes of the threshold
current for the 980 nm VCSELs. This difference is caused by the larger gain—cavity
detuning of nominally 15 nm for both types of the 980 nm VCSELs described in
the previous chapter. Logically, the stability of the high speed properties of the
850 nm QW-VCSELs is expected to be lower as compared to 980 nm devices, as
will be confirmed by the measurements presented in the following sections. From
the other side, because of the optimized active region and device design, the room
temperature bandwidth of the 850 nm QW-VCSELSs is expected to be larger as
those of the 980 nm lasers, which also will be confirmed by the high speed mod-
ulation measurements. The differential resistance of the 6 um 850 nm QW-VCSEL
was ~ 110 Q at 5 mA and 20°C. The thermal resistance of the device was ~4.4 K/mW,
comparable to the values of the corresponding 980 nm QW-VCSELs.

In Fig. 5.2 the L-U-I characteristics and extracted values of the maximum
differential efficiency and threshold current at different temperatures for the
850 nm QW-VCSEL with aperture diameter of 7 um are shown.

The maximum output power is ~5.7 mW at 20°C, decreases to ~3.3 mW at
80°Candis ~2.5 mW at 100°C. The maximum differential efficiency is ~0.74 W/A
at 20°C and decreases to ~0.63 W/A at 80°C, and further to ~0.58 W/A at
100°C. The threshold current is ~365 pA at 20°C and increases to ~600 pA at
80°C, and reaches ~740 pA at 100°C. The temperature behavior of the static
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Fig. 5.2 L-U-I characteristics (a) and extracted values of the maximum differential efficiency
and threshold current (b) at different temperatures between 20 and 100°C for the VCSEL with
7 um aperture
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characteristics of the 7 pm aperture VCSEL is similar to the behavior of the 6 pm
aperture device. The differential resistance of the 7 um aperture device was ~95 Q
at 6 mA at 20°C.

Static characteristics of the 850 nm QW-VCSEL with 9 pm aperture diameter
with corresponding values of the maximum differential efficiency and threshold
current are shown in Fig. 5.3 for different temperatures between 20 and 100°C.

The maximum output power reaches values larger than 9 mW at 20°C and
decreases to ~5.3 mW at 80°C, and is still ~4 mW at 100°C. The maximum
differential efficiency is ~0.89 W/A at 20°C, decreases to ~0.76 W/A at 80°C,
and is ~0.68 W/A at 100°C. The threshold current increases from ~ 580 pA at
20°C to ~985 pA at 80°C, and reaches ~1.23 mA at 100°C. The differential
efficiency of the 9 um VCSEL was ~90 Q at 9 mA at 20°C. The thermal resis-
tance of the 9 pm aperture VCSEL was ~2.2 K/mW.

All investigated 850 nm VCSELs had aperture diameters larger than 5 pm to
achieve low operation current density for better device reliability, and conse-
quently were multimode. In Fig. 5.4 the emission spectrum of the 6 um aperture
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laser at 5 mA and room temperature is shown, clearly demonstrating a multimode
operation.

Measured CW characteristics have demonstrated large output powers, high
differential efficiencies and low enough threshold currents of the investigated
850 nm QW-VCSELSs, which build a good basis for proper high speed laser
performance.

5.3 Small Signal Modulation Analysis

To characterize physical processes important for high speed operation, small
signal modulation measurements were performed at different temperatures at
frequencies up to 40 GHz and the fundamental physical parameters have been
extracted. The analysis was carried out for two devices with oxide aperture
diameter of nominally 6 and 9 pm to investigate different types of high speed laser
behavior. In Fig. 5.5a measured small signal modulation response curves at 25°C
at different driving currents together with the corresponding fits are presented for
the 850 nm QW-VCSEL with 6 um aperture diameter. Fig. 5.5b shows corre-
sponding extracted values of the parasitic cut-off frequency, relaxation resonance
frequency and 3 dB-frequency as a function of the driving current at 25°C.

All fits show excellent agreement with the measured data. As can be obtained
from the Fig. 5.5, the bandwidth increases rapidly with the current and reaches
values of larger than 17 GHz already at 2 mA, which corresponds to the nominal
current density of only ~7 kA/cm?. At the current of 3 mA (~11 kA/cm?)
bandwidth becomes larger than 19 GHz and reaches its maximum value of larger
than 20 GHz already at 4 mA, which corresponds to the current density
of ~ 14 kA/cm®. The rapid increase of the modulation bandwidth with the current
is an indispensable precondition for high quality optical eye diagrams and thus
stable data transmission process at high bit rates. The low operation current density
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Fig. 5.5 Small signal modulation response with corresponding fits at 25°C for different driving
currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation
resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the current (b) for
the VCSEL with 6 pm aperture diameter
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Fig. 5.6 Damping factor as a function of the squared resonance frequency with the
corresponding linear fit at 25°C (a) and the squared resonance frequency as a function of the
driving current at different temperatures with corresponding linear fits (b) for the VCSEL with
6 pm aperture diameter

in the range of ~ 10 kA/cm? is one of the major conditions for reliable device
operation. Both, the rapid increase of the bandwidth with injected current and the
low operation current density, is fulfilled for the investigated 850 nm QW-
VCSELs. Small signal modulation bandwidths of 21 and 24 GHz have been
demonstrated in the past for VCSELs with oxide-confined apertures of 4 um in
diameter and emitting at 850 [2] and 1100 nm [3], where the latter device is based
on a buried tunnel junction. Bandwidths measured with 850 nm QW-VCSELSs in
this work are very close to these record values.

From the form of the small signal modulation curves shown in Fig. 5.5a one
can already recognize that the 6 pm aperture VCSEL is not limited by the thermal
effects, because the modulation response curves with bandwidths around the
maximum value of ~20 GHz do not exhibit a noticeable relaxation resonance
peak. By taking a look on Fig. 5.5b limiting factors for high speed operation of the
6 pm aperture VCSEL can be clearly identified. First, the parasitic cut-off fre-
quency is at all currents at least ~5 GHz larger than the corresponding 3 dB-
frequency, and reach values larger than 27 GHz, demonstrating that the limiting
effect of the electrical parasitics is noticeable but can not explain the bandwidth
limitation to ~20 GHz alone. This increase of the parasitic cut-off frequency was
achieved mainly by the further reduction of the parasitic capacitance C, of the
oxide aperture layers and the active region, which is as low as ~ 128 fF at 5 mA
for the 6 um device.

The relaxation resonance frequency increases also very rapidly with injected
current and reaches values larger than 22 GHz, which are also larger than the
maximum 3 dB-frequency. Since the relaxation resonance frequency saturates at
values larger than the maximum bandwidth, temperature effects do not limit the
high speed laser performance. Thus the major contribution to high speed device
limitation arises from the combination of electrical parasitics and damping, as can
also be obtained from the Fig. 5.6a, where the damping factor as a function of the
squared resonance frequency at 25°C is shown.
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To extract the K-factor yielding the damping limit of the speed, one must fit the
damping as a function of the squared relaxation resonance frequency according to
Eq. 2.4.65. The damping factor is not ideally linear with the squared resonance
frequency and shows a weak super-linear behavior, most probably because of the
heating and possibly due to gain compression, as was also indicated by simulations
in the previous chapters (for example in Fig. 2.40). A similar observation in
850 nm VCSELs was reported previously [4], and this observed behavior makes
extraction of the exact value of the K-factor difficult. Values between 0.28 and
0.40 ns can be extracted for the 6 pm device, depending on the fitting procedure.
For the smallest estimated value of 0.28 ns the corresponding maximum achiev-
able bandwidth would be larger than 30 GHz, for the largest value of 0.40 ns the
damping limitation would result in a bandwidth of ~22 GHz, according to (2.4.77).
Since at larger resonance frequencies the damping is rather larger, its effect on the
modulation bandwidth consequently increases at larger currents. Thus, as already
have been mentioned, the 6 pum aperture VCSEL is limited not by the internal
heating, but by the combination of the damping and the electrical parasitics.

To investigate high speed properties at elevated temperatures, small signal
modulation response curves were measured at three different temperatures: 25, 50
and 85°C. In Fig. 5.6b the corresponding squared relaxation resonance frequencies
together with linear fits are shown for the VCSEL with 6 pm aperture diameter.
From the linear fits the D-factors at different temperatures can be extracted.
At 25°C the D-factor was ~9.9 GHz/Sqrt(mA), which is larger than the D-factors
of the corresponding 980 nm SML-VCSELs and 980 nm QW-VCSELs. The
measured large D-factor of the 850 nm QW-VCSEL clearly demonstrates the
successfully application of the thicker QWs and thus larger optical confinement
factor and also of the reduced gain—cavity detuning. The increased optical con-
finement factor leads to a decrease of the threshold current density and conse-
quently to an increase of the differential gain, which contributes to the increase of
the D-factor, according to (2.4.70). The decreased gain peak—cavity resonance
detuning helps to increase the gain and the differential gain at 25°C, but has the
disadvantage of the decreased temperature stability, as can be obtained from the
Fig. 5.6b. The extracted D-factors at 50 and 85°C are ~9.7 and ~9.2 GHz/
Sqrt(mA), accordingly, and are lower than the value at 25°C, in opposite to the
980 nm QW-VCSELSs, where the D-factor at 50°C had the largest value, which
was caused by the larger gain—cavity detuning of nominally 15 nm.

In Fig. 5.7 temperature dependent 3 dB-frequencies and relaxation resonance
frequencies at different currents are shown for the 6 um aperture VCSEL. The
maximum modulation bandwidth decreases from ~20 GHz at 25°C to ~19 GHz
at 50°C and is still ~16.9 GHz at 85°C. The overall change is about 3 GHz,
which is larger than the change of the maximum bandwidth of the 980 nm
QW-VCSELs, but it is compensated by the larger value of the maximum band-
width at 25°C. The 850 nm QW-VCSELSs have also at 85°C larger values of the
maximum bandwidth, as compared to the 980 nm QW-VCSELs. The reason is the
optimized structure the 850 nm QW-VCSEL. The maximum relaxation resonance
frequency decreases from ~22 GHz at 25°C to ~ 18.4 GHz at 50°C, and further
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Fig. 5.8 Small signal modulation response with corresponding fits at 25°C for different driving
currents (a) and extracted values of the parasitic cut-off frequency (rectangles), relaxation
resonance frequency (circles) and 3 dB-frequency (triangles) as a function of the current (b) for
the VCSEL with 9 pm aperture diameter

to ~14.4 GHz at 85°C. At elevated temperatures the 6 pm VCSEL becomes also
partially limited by the thermal effects, since the maximum relaxation resonance
frequency decreases to values smaller than the 3 dB-frequency.

For the 850 nm QW-VCSEL with a larger oxide aperture diameter of 9 pm the
measured small signal modulation response curves at different currents at 25°C
with corresponding fits are shown in Fig. 5.8a. In Fig. 5.8b corresponding
extracted values of the parasitic cut-off frequency, relaxation resonance frequency
and 3 dB-frequency at 25°C are presented.

Maximum 3 dB-frequency larger than 20 GHz has been measured, comparable
to the 6 um aperture VCSEL. The largest value was ~20.8 GHz at driving current
of 9 mA, which corresponds to the current density of only ~ 14 kA/cm?. Similar
to the 6 um aperture laser, bandwidth of ~17.5 GHz has been achieved at current
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density of only ~7.8 kA/cm?. In the 9 pm aperture VCSEL electrical parasitics
play a decisive role in the limitation of the high speed laser performance, as can be
directly obtained from the Fig. 5.8b, where the extracted maximum parasitic cut-
off frequency is with ~22 GHz very close to the measured maximum bandwidth,
and at currents between 7 and 11 mA values of both frequencies are practically
identical. The reduced parasitic cut-off frequency of the 9 um aperture VCSEL as
compared to the 6 pum aperture device is caused mainly by the larger mesa
diameter. Thermal effects also starts to play a noticeable role, but are not domi-
nant, since the maximum extracted relaxation resonance frequency was larger than
18 GHz, which is only ~ 10% lower than the maximum 3 dB-frequency.

The role of the damping can be estimated by considering the K-factor, which
can be extracted from the plot of the damping factor as a function of the squared
relaxation resonance frequency, as shown in Fig. 5.9a.

From the linear fit the K-factor around ~0.21 ns can be extracted, leading to
the maximum damping limited bandwidth of larger than 40 GHz, according to
(2.4.77). The small value of the K-factor confirms the fact, that the damping does
not limit the high speed laser performance considerably, and the 9 pm aperture
VCSEL is mostly limited by electrical parasitics.

The extracted D-factors from the fits of the squared relaxation resonance fre-
quency as a function of the driving current at lower currents, as shown in Fig. 5.9b,
are logically lower as compared to the laser with 6 pum aperture diameter, because
of the larger mode volume of the 9 pm aperture device. At 25°C the D-factor
was ~6.5 GHz/Sqrt(mA). It decreased to ~6.4 GHz/Sqrt(mA) at 50°C and fur-
ther to ~5.7 GHz/Sqrt(mA) at 85°C. As one would expect from the rate equation
theory, the D-factor should decrease with increasing mode volume, according to
Eq. 2.4.70, and due to the square root dependence it is inversely proportional to the
diameter of the active region. In fact, dividing the D-factor of 9.9 GHz/Sqrt(mA)
for the 6 pm VCSEL by the D-factor of 6.5 GHz/Sqrt(mA) for the 9 um VCSEL
at 25°C gives the value of 1.52, which is practically identical to the nominal

(a)120 e
Aperture 9 pm

25°C

60

Kis=0-21 ns

Damping factor,
B
o

Aperture 9 pm
0 50 100 150 200 250 300 350 0 2 4 6 8 10 12 14 16
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Fig. 5.9 Damping factor as a function of the squared resonance frequency with the
corresponding linear fit at 25°C (a) and the squared resonance frequency as a function of the
driving current at different temperatures with corresponding linear fits (b) for the VCSEL with
9 pm aperture diameter


http://dx.doi.org/10.1007/978-3-642-16570-2_2#Equ178
http://dx.doi.org/10.1007/978-3-642-16570-2_2#Equ171

5.3 Small Signal Modulation Analysis 143

@»u - () P S —
N 21 ] 22[ ]
T 20} R ] 20} ]
O 8f e ® ° . " aq E 18} R L R
5‘.16- s ° '..- 8o 16f L ts e, "]
c 14 ] ] S =14t .o ® .
812 1 212 = ]
Swf ° ] § S 1o} ' ]
= 8f . Aperturegpm 1 £ § 8p 8 Aperture 9 pm |
m 6 = 25°C E = 6 B
o o - Il m 25°C
@ 4r. * 50°C 1 4ra e 50°C 1
2f 85°C 2f 85°c 1
0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Current, mA Current, mA

Fig. 5.10 Bandwidth as a function of the driving current (a) and relaxation resonance frequency
as a function of the driving current (b) at different temperatures for the VCSEL with 9 pum
aperture diameter

aperture diameter ratio of 9:6 = 1.5. Clearly our analysis is consistent not only for
one particular device but for the entire set of devices, confirming the high quality
of the growth and fabrication processes.

At elevated temperatures both the 3 dB-frequency and the relaxation resonance
frequency decreases, as shown in Fig. 5.10 for the 9 um aperture VCSEL. The
maximum bandwidth decreases from ~20.8 GHz at 25°C to ~19.2 GHz at
50°C, and is still larger than 16 GHz at 85°C. These values are comparable to the
values of the 6 pm aperture device.

The maximum relaxation resonance frequency demonstrates a similar behavior
and decreases from ~18 GHz at 25°C to ~15.6 GHz at 50°C and further
to ~12 GHz at 85°C, showing an increased impact of thermal effects at elevated
temperatures. At the temperature of 85°C the maximum bandwidth of the inves-
tigated 850 nm QW-VCSELs is still larger than the corresponding values of the
980 nm QW-VCSELs, indicating at least similar high speed performance of the
850 nm QW-VCSELs at this temperature.

Summarizing, the performed small signal modulation experiments on the
850 nm QW-VCSELs have demonstrated very high modulation bandwidths of
larger than 20 GHz for devices with aperture diameters of 6 and 9 pum at current
densities of only ~ 14 kA/cm?, which is very important for the laser stability and
reliability. Relaxation resonance frequencies larger than 22 GHz have been
measured. Also at elevated temperature of 85°C the measured maximum band-
width was larger than 16 GHz. Achieved results show a very high potential of the
investigated 850 nm QW-VCSELs for high speed data transmission with bit rates
of 35 Gbit/s and larger, which will be confirmed by the large signal modulation
experiments and bit error rate measurements presented in the next section.

Optimized device structure and design have lead to the reduction of electrical
parasitics, resulting in the measured maximum parasitic cut-off frequencies larger
than 27 GHz for the 6 pum aperture laser. Because of the larger mesa diameter, for
the 9 pm aperture device the maximum parasitic cut-off frequency was ~22 GHz,
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limiting the high speed laser performance in a strong way. For future VCSELs
aiming bit rates larger 40 Gbit/s further reduction of electrical parasitics is
indispensable and can be relatively easy realized by the further reduction of the
mesa diameter for the identical diameter of the oxide aperture and/or by intro-
ducing additional layers with high Al content for forming additional oxide aper-
tures during the wet oxidation process. The latter variant has the disadvantage of
the introduction of additional mechanical stress into the VCSEL structure, which
could have negative effect on the laser performance and reliability, and therefore
should be applied more carefully. In opposite, the reduction of the mesa diameter
can be realized relatively straightforward, since in this work the smallest mesa
diameters were nominally 25 pum, and this value could be further reduced to 20 or
even 18 pm without sacrificing the simplicity of the fabrication process and
without having a noticeable negative effect on the thermal properties of the
VCSELs. Additionally to electrical parasitics, damping has played a certain role in
the high speed laser limitation for smaller devices. For the high speed high tem-
perature operation also management of the thermal effects should be optimized.
Both can be achieved by the further optimization of the laser structure and will be
the subject of the future work on high speed VCSELs.

5.4 Large Signal Modulation Characteristics

To investigate the laser behavior in the data transmission process, large signal
modulation experiments were performed using a non-return to zero (NRZ) data
pattern in the back-to-back configuration (BTB, ~3 m-length fiber) witha 2’ — 1
pseudorandom bit sequence (PRBS) from an SHF 12100B bit pattern generator
(rise time of 8 ps). The NRZ signal was amplified by a 40 GHz amplifier (+20 dB;
rise time of 6 ps) and then attenuated by fixed 60 GHz attenuators to achieve the
required amplitude. The RF-signal was combined with a DC bias through a 60 GHz
bias-T and fed to on-wafer VCSELs by a high frequency GSG-probe head. The
VCSELs were butt-coupled to a 62.5 pm-core multimode fiber (with an estimated
50% coupling efficiency) connected to a JDSU OLA-54 variable optical attenuator,
after which the optical signal was sent to the photodetector coupled with either a
38 (+26 dB, rise time of 8 ps) or 40 GHz (+17 dB, rise time of 8 ps) amplifier via a
short patch cord. The photodetector chosen was an FC-connectorized multimode
fiber pigtailed module from VI Systems GmbH (model D30-850 M) with a rise time
(20-80%) below 7 ps. The average power of the detected signal was monitored by a
JDSU OLP-55 power meter. Optical eye diagrams and bit error rate curves were
studied using a 70 GHz Agilent 86100C digital oscilloscope, combined with a
precision time base and an SHF 11100B bit error analyzer, respectively.

Optical eye diagrams were measured at room temperature for different bit rates
up to 40 Gbit/s for the VCSEL with the aperture diameter of 6 um and for the
VCSEL with the aperture diameter of 9 pm. In Fig. 5.11 the optical eye diagrams
of the 6 pym VCSEL measured at the driving current of 5 mA and peak-to-peak
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Fig. 5.11 Eye diagrams at 20, 25, 30, 35, 38 and 40 Gbit/s for the VCSEL with 6 um aperture
diameter at operation current of 5 mA and peak-to-peak modulation voltage V,,_, of 0.8 V in a

BTB configuration with (2’ — 1) PRBS, NRZ and corresponding signal-to-noise ratios (S/N) at
room temperature

modulation voltage V,,_,, of 0.8 V with corresponding bit rates and signal-to-noise
ratios (SNRs) are presented. Up to bit rates of 35 Gbit/s all eyes are clearly open
with signal-to-noise ratio large than 4, and at bit rates of 20, 25 and 30 Gbit/s the
signal-to-noise ratio is larger than 5. From the bit rate of 38 Gbit/s the eyes begin
to close, but even at 40 Gbit/s some opening could be obtained. To ensure an error
free operation in the cases, where the eyes are not clearly open, direct bit error rate
measurements should be carried out. BER measurements have been performed for
different devices and are presented below for the VCSEL with the aperture
diameter of 9 pm, since this device has demonstrated the larger eye opening.
It should also be noted that the eye quality of the received signal for all measured
optical eye diagrams is noticeable affected by the imperfection of the electrical
RF-signal applied to the devices (thus one must account for measurement system
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errors of jitter, noise, additional rise times, ringing in the BERT signal, etc.). The
current of 5 mA corresponds for the 6 um nominal aperture diameter to the current
density of only ~ 18 kA/cm?, close to the value of 10 kA/cm?, at which common
commercial available 10 Gbit/s VCSELs operate, and which is sufficiently low to
ensure reliable laser operation.

In Fig. 5.12 optical eye diagrams at different bit rates with corresponding
signal-to-noise ratios are shown for the VCSEL with 9 um aperture diameter at the
driving current of 9 mA and peak-to-peak modulation voltage V,_, of 0.8 V. The
eyes for the 9 pm VCSEL have lower SNRs than for the 6 um VCSEL, among
other because of the presence of a larger number of the lasing modes and corre-
sponding mode competition noise for the larger aperture VCSEL. Nevertheless the
eye opening for the 9 pm device is larger as compared to the 6 pm aperture
VCSEL. The eyes are clearly open up to bit rates of 35 Gbit/s with the corre-
sponding signal-to-noise ratios large than 4. At bit rates of 20 and 25 Gbit/s the
signal-to-noise ratio is equal to or larger than 5. Because of the larger output power
modulation, the eye opening is more distinct also at higher bit rates of 38 and
40 Gbit/s. The current of 9 mA corresponds for the 9 um nominal aperture
diameter to the current density of only ~ 14 kA/cm?, which is again very close to
the value of 10 kA/cm?.

To ensure an error free operation of the investigated VCSELSs, bit error rates at
different bit rates were measured. The highest bit rate with the BER below 10~ "2
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and no error floor was 38 Gbit/s for the 9 pm VCSEL at the temperature of 20°C, as
can be obtained from Fig. 5.13. The peak-to-peak modulation amplitude V,_, was
0.8 V, while the bias current was fixed at 9 mA, both values identical to the values
used for the eye diagram measurements. The detector saturation at higher average
powers and internal amplifier noise prevented among other robust error free
transmission at 40 Gbit/s. VCSELs with smaller aperture diameters have demon-
strated lower error free bit rates, because of the lower output power and accordingly
smaller eye opening. The performed BER measurements have demonstrated the
error free data transmission at the record high bit rate of 38 Gbit/s at sufficiently
low current density at the important wavelength of 850 nm. This was the worldwide
first demonstration of the error free data transmission with an 850 VCSEL at
38 Gbit/s. This was also the worldwide first demonstration of the error free oper-
ation at 38 Gbit/s using an oxide-confined VCSEL at any wavelength, which is a
very important step on the way to the future VCSEL-based optical communication
systems, since oxide-confined VCSELs have established themselves as very reli-
able and cheap laser sources and dominate the VCSEL market today.

Although the 850 nm QW-VCSELs were optimized to operate at room
temperature, because of the success of the applied improvement concepts, resulted
in the record high speed characteristics, also high temperature laser performance
was improved. Fig. 5.14 demonstrates BTB (~3 m multimode fiber), NRZ, 2" — 1
PRBS optical eye diagrams for the 850 nm QW-VCSEL with the aperture diameter
of 7 pum at bit rates of 20 and 25 Gbit/s and at two different temperatures: 25 and
85°C. The eyes are clearly open at 25°C and also at the elevated temperature of
85°C, with corresponding signal-to-noise ratios larger than 6 for the room tem-
perature eye diagrams and larger than 4 for the eye diagrams measured at 85°C.
These values are very similar to the signal-to-noise ratios measured for the 980 nm
QW-VCSEL with nominally the same aperture diameter of 7 pm presented in the
previous chapter. Also the optical eye diagrams are comparable. The reason is
the similar bandwidth of both 850 and 980 nm QW-VCSELSs at 85°C, enabling the
850 nm QW-VCSELs to operate at this elevated temperature at the bit rates up
to 25 Gbit/s. Thus, the improved VCSEL structure and device design have
compensated the decreased gain peak—cavity resonance detuning of the 850 nm
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QW-VCSELs as compared to the 980 QW-VCSELs, leading to the practically
identical high temperature performance. Data transmission with the bit rate of
25 Gbit/s at 85°C has been recently demonstrated [1] using 850 nm oxide-confined
VCSELs. Thus our results of the 850 nm QW-VCSELs have reproduced this
worldwide record achievement at 85°C, demonstrating at the same time the record
high data transmission bit rate of 38 Gbit/s at room temperature, compared to the
highest previously achieved bit rate of 32 Gbit/s at 850 nm [1], confirming the
importance of the applied optimization concepts both for the VCSEL epitaxial
structure and also for the device design.

To ensure an error free data transmission also at elevated temperatures, BER
measurements at bit rates of 20 and 25 Gbit/s and temperatures of 25 and 85°C
have been carried out for the 7 pm aperture 850 nm QW-VCSEL, directly cor-
responding to the bit rates and temperatures used for the optical eye diagrams
measurements. The results are presented in Fig. 5.15.

The investigated 7 pm aperture VCSEL operated error free at bit rates up to
25 Gbit/s at 85°C, as could be already expected by considering the optical eye
diagrams at the corresponding temperatures and bit rates presented previously in
Fig. 5.14.

Fig. 5.15 BER 2
measurements in a BTB
configuration with (27 — 1)
PRBS, NRZ for the 7 pm
aperture VCSEL at
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The large signal modulation and BER measurement results of the 850 nm QW-
VCSELSs presented in this section demonstrated error free data transmission at the
record high bit rate of 38 Gbit/s. Additionally, error free operation at 25 Gbit/s at
85°C was demonstrated. These application oriented measurements have confirmed
improvement of the physical laser properties by applied optimization concepts.

5.5 Summary of the 850 nm QW-VCSEL Results

To summarize, worldwide first VCSELs demonstrating error free data transmis-
sion at the record high bit rate of 38 Gbit/s at the commercial important wave-
length of 850 nm were realized. The operation current density was only ~ 14 kA/
cm?, sufficiently low to ensure reliable and stable device operation. Also error free
operation at the elevated temperature of 85°C at the bit rate of 25 Gbit/s was
demonstrated.

The reason for this remarkable high speed performance was the consequently
large small signal modulation bandwidth of larger than 20 GHz for VCSELs with
different aperture diameters. To achieve such large bandwidths, several optimi-
zation concepts have been consequently applied to overcome physical limitations
for high speed laser operation. By introducing two oxide apertures, reducing
VCSEL mesa diameters, applying thick dielectric layers, reducing metal contact
areas, utilizing high frequency impedance matched GSG contact pads and care-
fully optimizing the doping levels in the whole laser structure, the limiting effects
of the electrical parasitics and of the disturbing reflections of high frequency
electrical signals have been efficiently suppressed, leading to cut-off frequencies
of electrical parasitics of larger than 27 GHz for smaller devices. To overcome the
thermal limitation improved epitaxial laser structure and the optimized double
mesa device design were applied. These improvements, together with the appli-
cation of the advanced active region with the larger differential gain, have lead to
the saturation of the relaxation resonance frequency at values of larger than
22 GHz for smaller devices and also to a rapid increase of the relaxation resonance
frequency and of the bandwidth with the injected current. Logically, in VCSELs
with larger aperture diameters both electrical parasitics and thermal effects have
played a noticeable role, but nevertheless also in the larger aperture devices
bandwidths of larger than 20 GHz have been achieved. This was possible because
of the significant reduction of the damping, arising from the optimization of the
cavity and of the active region, leading to the damping limited bandwidths of
larger than 40 GHz for larger devices.

Decisive advantages of the applied optimization concepts, beside improvement
of the high speed laser performance, are the relative overall simplicity of the
VCSEL manufacturing process, the absence of the complicated and thus expensive
steps, the straightforward device growth and fabrication, all of them increasing the
suitability of the MOCVD-grown 850 nm QW-VCSELSs presented in this chapter
for the commercial large-scale cheap mass production. The low operation current
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density and the absence of the critical growth and fabrication steps improve the
laser stability and reliability, making the real world application of such 850 nm
QW-VCSELs feasible.
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Chapter 6
Conclusions and Outlook

6.1 Summary

The main goal of the present work was to develop high speed readily manufac-
turable GaAs-based oxide-confined VCSELs emitting around 850 and 980 nm for
future applications in optical networks, both outside and inside computers. While
at the wavelength of 850 nm the main goal was to maximize the bit rate at room
temperature, for devices emitting at 980 nm an additional requirement was to
achieve high temperature stability. Special attention was paid to development of a
straightforward manufacturing process, which would not require complicated
growth or fabrication steps, making the developed VCSELs suitable for inex-
pensive large-scale industrial mass production.

To characterize and consequently improve high speed laser performance
advanced characterization techniques were applied, including small signal mod-
ulation response (S,;) and electrical microwave reflection (S;;) measurements,
large signal modulation experiments (optical eye diagrams) and bit error rate
(BER) measurements. VCSEL behavior at different temperatures from 0 up to
120°C was investigated, enabling comprehensive device characterization.

Within the scope of this dissertation three generations of VCSELs were
developed and investigated. Results of the former generations were utilized to
improve lasers from the latter generations. The first two generations were devel-
oped to emit laser light at 980 nm and have different types of active regions inside:
InGaAs layers grown in the submonolayer growth mode, applied in the 980 nm
SML-VCSELSs, and InGaAs quantum wells, utilized in the 980 nm QW-VCSELs.
The VCSELs from the third generation were devices emitting at 850 nm, with
InGaAs quantum wells in the active region.

To combine high temperature stability with the proper high speed performance
advanced concepts were applied in the 980 nm SML-VCSELs. Doping levels and
layer compositions and thicknesses within both DBR mirrors and the cavity region
were optimized to achieve high thermal conductivity, low electrical resistance and
low optical losses. Highly strained InGaAs active layers grown in the submonolayer
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growth mode together with the gain peak—cavity resonance detuning of 15 nm have
decisively contributed to the increased temperature stability of the devices. Applied
optimization concepts resulted in realization of worldwide first VCSELSs operating
at 20 Gbit/s at elevated temperatures of up to 120°C. This is at the moment the
highest operation temperature at 20 Gbit/s ever reported for any VCSEL. Very
temperature insensitive CW and HF characteristics have been measured. The hardly
temperature dependent maximum bandwidth was obtained, which changed by less
than 2 GHz from 12.9 GHz at 25°C to 11 GHz at 120°C. As main limiting factors
electrical parasitics and damping were recognized. At larger aperture diameters also
saturation of the relaxation resonance frequency caused by thermal effects was
considerable. Consequently, further optimizations of the laser structure and device
design were necessary to overcome these limitations, which have led to realization
of the 980 nm QW-VCSELs.

By reducing laser mesa diameters, introducing double oxide aperture and
increasing the BCB thickness, electrical parasitic cut-off frequency could be
drastically increased to values of larger than 22 GHz, enabling to overcome the
corresponding limitation in the 980 nm QW-VCSELs. To increase relaxation
resonance frequencies, especially for devices with larger aperture diameters,
optimized active region based on compressively strained InGaAs QWs with tensile
strained GaAsP barriers has been introduced. This has enabled to increase the
D-factors by more than a factor of two compared to the 980 nm SML-VCSELs
with the same aperture diameters. These improvements together with the gain
peak—cavity resonance detuning of 15 nm, nominally identical to the detuning of
980 nm SML-VCSELs, resulted in an increase of the maximum bandwidth by
more than 3 GHz at 25°C, while maintaining the high temperature stability of both
CW and HF characteristics. Clearly open optical eye diagrams at bit rates of up to
30 Gbit/s at 25°C and up to 25 Gbit/s at 85°C have been obtained, increasing the
maximum achieved high temperature bit rate by 5 Gbit/s as compared to the
980 nm SML-VCSELs. Small signal modulation measurements have localized
damping as the major limitation of the high speed performance of the 980 nm
QW-VCSELs. Consequently, to increase the bit rate further, additionally concepts
were applied in the third generation of VCSELSs to efficiently reduce the damping
and to increase both the cut-off frequency of electrical parasitics and the relaxation
resonance frequency.

The 850 nm QW-VCSELSs were optimized to achieve the maximum possible bit
rate at room temperature, since the main application field of the GaAs-based
oxide-confined 850 nm VCSELSs is the data transmission in LAN and SAN outside
computers. Thus, reduced gain peak—cavity resonance detuning of nominally 8 nm
was applied, leading to a decrease of the threshold carrier density and conse-
quently to an increase of the differential gain and of the relaxation resonance
frequency at room temperature. Further optimizations of the active region based on
compressively strained InGaAs QWs and of the cavity region resulted in increased
relaxation resonance frequencies. Values larger than 22 GHz have been measured.
Further reduction of the mesa diameters for the same aperture diameters and
application of the double oxide aperture led to a decisive increase of the electrical
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parasitic cut-off frequency to values larger than 27 GHz. By optimizing among
other the mirror reflectivities, damping was sufficiently reduced, leading to the
maximum achievable internal damping limited bandwidth of larger than 40 GHz.
These optimizations resulted in record values of the maximum bandwidth of larger
than 20 GHz at low current densities of only ~ 14 kA/cm?, sufficiently low to
ensure reliable device operation. Consequently, error free data transmission at bit
rates as large as 38 Gbit/s was achieved at room temperature. These were
worldwide first 850 nm VCSELSs operating at such high bit rates. These were also
worldwide first of any oxide-confined VCSELSs demonstrating error free operation
at 38 Gbit/s. The increase of the maximum demonstrated data transmission bit rate
of 850 nm VCSELSs from previously demonstrated 32 Gbit/s by the group of Prof.
Dr. Larsson [1, 2] to 38 Gbit/s, achieved within the scope of this dissertation, is an
important step toward 40 Gbit/s, which clearly demonstrates the high potential and
suitability of the GaAs-based oxide-confined VCSELs for upcoming ultra-high
speed applications at 40 Gbit/s and beyond.

To conclude and summarize, the research and development work carried out
within the scope of the present dissertation has decisively contributed to increase
of both maximum data transmission bit rate and operation temperature of GaAs-
based oxide-confined VCSELs and has moved these devices one step closer to
practical applications in the future ultra-high speed short reach optical
interconnects.

6.2 Future Works

The research and development activities performed within the scope of this dis-
sertation are one of the first steps on the way towards reliable, readily manufac-
turable, ultra-high speed VCSELs for future optical interconnects operating at bit
rates far above 40 Gbit/s. Although many advanced concepts were applied for
laser investigated here, the room for further improvements is still large, increasing
the chances for success. As was demonstrated in the previous chapters, high speed
VCSEL characteristics are commonly affected by two or even all three types of
limitations: electrical parasitics, thermal effects and damping. Consequently, to
improve the high speed laser performance, especially at elevated temperatures,
further optimizations are indispensable, which will overcome all types of
limitations.

The rules to increase the cut-off frequency of electrical parasitics are pretty
straightforward: all parasitic capacitances and resistances within the device should
be reduced. The main challenge is to find the proper compromise between the
concepts for reducing electrical parasitic elements and other applied optimization
concepts, since they interact and affect each other. The common concept to reduce
electrical resistances inside the device is to optimize the doping levels in the
structure. The main trade-off here is to keep optical absorption losses at an
acceptable level, since the free carrier absorption losses increase with increasing
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doping levels. Also further optimizations of the annealing process of the metal
contacts could lead to a noticeable reduction of the total device resistance [3].
Additionally, VCSELs grown on p-doped substrates can be utilized, where the
largest part of the thick bottom mirror is kept undoped and the top mirror becomes
n-doped. Since the resistance of the n-doped AlGaAs is lower than that of the
p-doped material, the overall resistance of the device can be lowered. Hereby an
intracavity p-contact is required, making the carefully optimization of the epitaxial
structure and fabrication process very critical.

Generally, to reduce parasitic capacitances VCSEL dimensions should be
reduced and corresponding thicknesses of epitaxial and dielectric layers should be
increased. The main trade-off by the reduction of the VCSEL mesa diameter is to
maintain a reasonable good thermal conductivity, since it reduces with the
reduction of the laser area. The fact that the thermal conductivity reduces linear
with the aperture diameter and thus with the mesa diameter for oxide-confined
VCSELs, as given by (2.3.10), while capacitances decrease with the square of the
mesa diameter, facilitates the task. Additionally, device design with two mesas can
be applied, as was the fact for the VCSELs described in this work. Reduction of
the mesa diameter to 18 pum or even less without decisive increase of the laser
thermal resistance appears to be realistic.

Increasing the thickness of the dielectric layers, which reduces the parasitic
capacitance of the contact pads, does not appear to have any negative trade-offs
excepted possible increase of the laser fabrication effort. The maximum thickness
here is mostly given by the VCSEL height. Reduction of the capacitance of the
laser mesa itself, which includes among other capacitance of the oxide layers, can
be achieved by introduction of several deep oxidation layers [4, 5] additionally to
the double oxide aperture utilized in the QW-VCSELSs described in this disserta-
tion. These are layers in the DBR mirror, in which the Al composition is lower
than in the aperture layers, but higher than in the mirror layers. Thus their oxi-
dation lengths can be calibrated to be e.g. a half of the oxidation length of the
aperture layers, effectively increasing the thickness of the oxidized layers and thus
lowering the corresponding parasitic capacitance. The epitaxial effort is practically
identical compared to a conventional VCSEL structure, while significant reduction
of the mesa capacitance can be achieved. The main trade-off here is the increase of
the electrical resistance, so that carefully optimization of the oxidation depth and
number of the deep oxidation layers should be performed. To reduce mesa
capacitance proton implantation can be applied as well, which however requires an
additional fabrication step [6].

To increase the maximum relaxation resonance frequency and thus to overcome
the thermal limitation different concepts can be utilized. First, the active region
can be optimized further in order to increase the differential gain, which will
immediately increase the relaxation oscillation frequency, according to (2.4.70).
This can be done by the further theoretical and experimental investigations of the
effect of the In composition in the QWs, QW thickness, and barrier thickness and
composition on the differential gain [7]. Also advanced active region concepts, for
example quantum dots (QD), are possible [8—10]. As can be obtained from (2.4.70),
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reduction of the mode volume will result in an increase of the D-factor, leading to
larger relaxation resonance frequency. Since decrease of the oxide aperture
diameter to smaller values has a strong negative effect on the device performance
via among other increased resistance, increased current density, larger thermal
resistance and decreases device reliability, other concepts, for example photonic
crystal VCSELs [11, 12], are more preferable. Also further optimizations of the
cavity region and of the overall laser structure can lead via e.g. decreased losses,
and thus decreased threshold carrier densities, to an increase of the differential
gain, accordingly to (2.4.23) and (2.4.36). Since the photon density has an effect
on the differential gain via gain compression factor, proper balance should be
found while optimizing the VCSEL cavity and mirror reflectivities.

Another side of the optimizations aiming increased relaxation resonance fre-
quencies is the improvement of the thermal conductivity of the VCSELSs. This will
enable to reach larger driving currents before thermal roll-over, and thus to
increase the maximum bandwidth, according to (2.4.70). For this purpose e.g.
advanced heat sink techniques could be utilized [13]. A relatively straightforward
way is also to use Al composition of 100% in the largest part of the bottom mirror,
and in the case of 980 nm VCSELSs to use binary AlAs/GaAs bottom mirror. Since
the thermal conductivity of the binary materials are much better compared to
ternary alloys, significant increase of the thermal conductivity can be achieved,
increasing the roll-over current. Carefully in situ controlling of the etching depth is
in the case of binary bottom mirrors indispensable to avoid undesirable mirror
oxidation in the following oxidation process. An additional advantage of binary
mirrors is the reduced effective cavity length, which increases the optical con-
finement factor and thus decreases the threshold carrier density. Additionally, the
shorter cavity length reduces photon life time, helping to decrease damping, which
is an indispensable precondition for proper high speed laser operation.

Accordingly to (2.4.67), efficiently reduction of the damping in the structure
can be achieved by the reduction of the photon life time and of the gain com-
pression factor and by the increase of the differential gain. Additionally to the
reduction of the effective cavity length and thus photon life time by application of
binary mirrors, shorter cavity regions can be utilized. Since in this dissertation all
VCSELs have the optical length of the cavity region equal to 3/2 A, the next step
would be to reduce the optical length of the cavity to /2. This would considerably
increase the maximum achievable damping limited bandwidth, without significant
direct negative effects on other important laser parameters. Also carefully opti-
mization of the mirror reflectivities gives access to adjustment of the photon life
time. However, changing the mirror reflectivities affects also other decisive laser
characteristics, among other losses, threshold carrier density, differential gain, etc.
Thus, comprehensive studies should be carried out, both theoretically and exper-
imentally, in order to find the optimum for the best VCSEL high speed perfor-
mance. To reduce the gain compression factor and to increase the differential gain,
optimizations of the active region are required. Also the cavity design has effect on
the gain compression. Precise control of the laser modal properties can addition-
ally help to improve the VCSEL properties.
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As can be obtained from the described possibilities for further improvements of
the VCSELs developed in this dissertation, difficult but at the same time very
interesting and exciting work is waiting to be done. On this way many challenges
have to be overcome and many problems have to be solved. While many described
concepts are relatively straightforward by their self, the main challenge is to
combine them and to find the proper compromise between the different compet-
itive trends. Also novel concepts for indirect modulation of the VCSEL output
power, e.g. electro-optically modulated VCSELs (EOM-VCSELs) [14-16], are
very promising and will be investigated further. In addition to the actual laser
development, new concepts for the advanced VCSEL packaging, mounting and
exact positioning should be elaborated. This is especially important for chip-to-
chip and on-chip optical interconnects, where the main trend is the vertical inte-
gration of chips and interconnects [17]. For integration of VCSELs to CMOS chips
novel concepts, e.g. lift-off VCSELs [18, 19], should be intensively investigated.
The reward will be efficient, low power, reliable, readily positionable VCSELs
operating at ultra-high speed, enabling realization of the next generations of
optical interconnects.

Of course, the field of photonics and optoelectronics is not limited to VCSELs.
In the long-term perspective revolutionary photonic devices [20-23] will come to
our daily life, reducing the dimensions and power consumption and increasing the
bandwidth of optical interconnects by several orders of magnitude. These novel
nanolasers, based among other on scientific results received from the VCSEL
research, will bring the human society one step further on the way of the non-
stopping progress.
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Appendix

Appendix A: Measurement Setup

For measurements of the CW laser characteristics setups shown in Fig. A.1 and in
Fig. A.2 were used. For L-U-I measurements the VCSEL was driven by the digital
sourcemeter Keithley 2400-LV and the output light was collected by the calibrated
integration sphere, as demonstrated in Fig. A.l. The photocurrent from the
integration sphere was measured by the second sourcemeter. Both sourcemeters
were controlled by a computer utilizing a LabView program. The temperature of
the VCSEL was precisely controlled by a vacuum thermochuck Temptronic
TP03010B, which can set the chuck temperature to values from 0 up to 200°C.
In all measurements described in this work exclusively the digital sourcemeters
Keithley 2400-LV were used.

To measure emission spectra the VCSEL was driven by a sourcemeter and the
output light was coupled into a graded index multimode fiber with 50 pum or 62.5
core diameter connected to an optical spectrum analyzer ANDO AQ6317C or HP
70951B, as shown in Fig. A.2. In all measurements with optical fibers described in
this work exclusive graded index multimode fibers with 50 or 62.5 pm core
diameter were used. The temperature of the VCSEL was controlled by the vacuum
thermochuck.

In Fig. A.3 measurement setup for the small signal modulation response
measurements is presented. These measurements are the key technique to get
access to the internal device parameters and therefore should be carried out very
carefully. The operation current was determined by a digital sourcemeter, which
was connected via network analyzer HP 8722C to the laser. The constant signal
from the sourcemeter was overlapped with a small harmonic signal from the
network analyzer and delivered to the device under test. The output optical signal
from the VCSEL was coupled into a fiber and guided to a calibrated photodetector
or a calibrated photoreceiver, which was connected to the second port of the
network analyzer. For the measurements of the VCSELs emitting around 850 nm
the photodetector VIS D30-850M was used. Measurements of the VCSELs
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( integ ratiori :

Sphere | Sourcemeter

VCSEL

Fig. A.1 Setup for L-U-I measurements

Sourcemeter

emitting around 980 nm were carried out using the photoreceiver DSC-R401HG, the
photoreceiver New Focus 1554-B-50 or the photodetector New Focus 1434-50-M.
Measurements of the scattering parameters S, and S,; were carried out at different
chuck temperatures.

The measurement setup for optical eye diagrams is shown in Fig. A.4. The
constant signal of the digital sourcemeter is combined with the amplified non-
return to zero (NRZ) bit pattern with 2’—1 pseudo-random bit sequence (PRBS)
generated by the bit pattern generator SHF 12100B. Thereby electrical amplifiers
from SHF were used. The combined signal is guided to the VCSEL under test
and the output power is coupled via a multimode fiber with 2—4 m length (back-to-
back (BTB) configuration) into a photodetector or photoreceiver. After the
photodetector one or two electrical amplifiers were used to amplify the signal,
which was then recorded by the digital oscilloscope Agilent DCA-J 86100C.

OSA

VCSEL
Thermochuck

Fig. A.2 Setup for measurements of optical emission spectra

Sourcemeter

VCSEL
Thermochuck

Sourcemeter

Network Analyzer |
—— Photodetector |

Fig. A.3 Setup for small signal modulation measurements
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Fig. A.4 Setup for measurements of optical eye diagrams
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Fig. A.5 Setup for measurements of bit error rates

Fig. A.6 Picture of the measuring station with the microscope and precision stages

The VCSEL temperature was controlled by the vacuum thermochuck.
To measure the bit error rates the VCSEL was driven by a combined signal
consisted of the constant part and the amplified bit pattern, as shown in Fig. A.5.
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Fig. A.7 Picture of the digital oscilloscope, signal generator and bit pattern generator with the bit
error analyzer

The output signal was collected by a multimode fiber and guided via the variable
optical attenuator JDSU OLA-54 to a photodetector with an electrical amplifier
after it or a photoreceiver. The signal from the photodetector was analyzed using
the bit error analyzer SHF 11100B. The optical power was measured by the optical
powermeter JDSU OLP-55. The temperature was controlled by the vacuum
thermochuck.

In the Fig. A.6 a picture of the on-wafer measuring station is shown. The wafer
with fabricated devices can be placed onto the vacuum thermochuck mounted on a
2-axis precision stage. The integration sphere or a fiber holder is mounted on the
3-axis precision stage left and the high frequency prober is placed onto the 3-asix
precision stage right. The positions of the VCSEL under test, the prober and the
fiber can be controlled via the microscope. The whole setup is built up on the
stabilized table to avoid mechanical vibrations.

Fig. A.7 shows a picture of the rack on the left side with the bit pattern
generator SHF 12111B, bit error analyzer SHF 11100B and signal generator
Agilent E8247C used as a clock. The digital oscilloscope Agilent DCA-J 86100C
is shown on the right side as well.
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