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Abstract

The vertical-cavity surface-emitting laser (VCSEL) is the preferred light
source for high-speed and power-efficient short-reach optical intercon-
nects (OIs) in high-performance computing systems, datacenters, and
other short-range optical networks. Such OIs typically operate over a
temperature range of 0 to 70 ◦C. However, some emerging applications of
VCSEL-based OIs, such as in automotive optical networking and optical
networks in some military systems, require operation over a much wider
temperature range, e.g. from −40 to 125 ◦C. With the VCSEL being the
most temperature sensitive component of the OI, and uncooled/unheated
operation required for cost and power efficiency, there is a demand for
VCSELs with reduced temperature dependence, operating over a wider
temperature range.

The temperature dependence of VCSEL performance stems from
variations in optical gain and mismatches between gain spectrum and
resonance wavelength shifts. Methods to mitigate these effects include
using VCSELs with appropriate gain-cavity detuning and gain engineer-
ing to broaden optical gain spectrum.

This thesis investigates 850 nm VCSELs optimized for operation over
a large temperature range. Key studies include the correlation of thresh-
old current with performance parameters (Paper A) and the design of
chirped QW VCSELs to stabilize performance across temperatures (Pa-
per B). Insights into designing robust VCSELs for extreme environments
are presented.

Keywords: Vertical-cavity surface-emitting lasers, optical interconnects,
wide-temperature performance, detuning, chirped QWs.
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CHAPTER 1

Introduction

1.1 Background and motivation

The vertical-cavity surface emitting laser (VCSEL) is a type of semicon-
ductor laser used widely in various fields. While the first VCSEL realized
by Kenichi Iga et. al [1] in 1979 operated at 77K and performed ex-
tremely poorly according to modern standards, it was a scientific break-
through that has paved the way for the use of VCSELs in various fields in
the modern world. Historically, the most important use-case of VCSELs
has been as transmitters in short-reach optical interconnects. Today,
the majority of GaAs VCSELs fabricated annually are used in consumer
electronics, fueled mainly by Apple, whose newer iPhone models im-
plement the devices in its Face-ID™ technology. Datacom applications,
which are another major market for GaAs VCSELs, follow closely [2].
However, there is speculation that thanks to the emergence of artifi-
cial intelligence (AI) technologies, the increase of computational power
of high-performance computing systems will lead to demand for higher
data-rates inside these supercomputers, which means that datacom ap-
plications could regain the market dominance position in the foreseeable
future.

VCSELs could be used in transceivers in additional new markets,
however a number of them demand for VCSELs with sufficient perfor-
mances at high temperatures and/or over a wide temperature range. To
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Chapter 1. Introduction

name a few, some of these potential applications are co-packaged op-
tics in high-performance computing units, the automotive industry and
various defense/military applications.

In high-performance computing units, optical interconnects (OIs) us-
ing VCSELs have replaced electrical interconnects for short-reach data
communication between different computing units. Most systems today
use pluggable optical transceivers located on the front panel of the servers
which convert the electrical signal into optical signal. With increasing
data rates, the port density becomes excessive and the transceivers on the
front panel cannot provide sufficient data rates for modern applications.
Therefore to achieve a smaller footprint per transceiver, the transceivers
have to migrate inside the units close to the integrated circuits (ICs),
where temperature variations can be extreme and peak temperatures
can exceed 100 ◦C.

Harsh conditions, where VCSELs could prove useful, are also present
in automotive applications. With the emergence of adaptive driving as-
sistance systems and autonomous driving technologies, vehicles are using
an increasing number of various sensors (cameras, radars, lidars) that all
transmit a large amount of data, leading to increased intra-vehicle data
rates. VCSEL-based optical interconnects could pose a solution to this
challenge by meeting the demand for more energy-efficient and cheaper
on-board interconnects. However, this environment is even harsher, with
the automotive industry standards demanding for devices to operate suf-
ficiently from −40 to 125 ◦C. Similar conditions are experienced in de-
fense and military applications. VCSELs used in these applications must
therefore have a superior wide-temperature performance.

1.2 VCSELs with reduced temperature depen-
dence

The considerable VCSEL performance dependence on ambient tempera-
ture is largely attributed to changes in optical gain and differential gain
within the active region, driven by the temperature-dependent Fermi oc-
cupation probabilities. The temperature dependence is further acceler-
ated by the different rates at which the gain spectrum and the resonance
(lasing) wavelengths red-shift as the temperature increases. To mitigate
these effects, earlier approaches have employed methods to spectrally
broaden the optical gain. Examples include the use of quantum wells
(QWs) with varying thicknesses [3–5] or quantum dots (QDs) with a size

2



1.3. In this thesis

distribution [6] in the active region, where the variation in QW and QD
sizes generates optical gain across a wider range of wavelengths, thereby
broadening the overall gain and leading to a decreased temperature-
dependence of the device performance.

1.3 In this thesis

This thesis concentrates on the performance of 850 nm VCSELs in harsh
conditions, i.e. at very cold subzero temperatures or extremely hot tem-
peratures well above 100 ◦C. For this purpose, several VCSEL designs
optimized for performance over a wide temperature range are studied.

In Paper A, two VCSELs with otherwise similar design, but different
wavelength detuning are studied. Results show that threshold current
has a strong correlation with various performance parameters and mini-
mizing variation of the threshold current over temperature is important
for improving performance at very low or high temperatures.

In Paper B, two VCSEL designs intended for performance over a
wide temperature range are presented. One of the presented devices
uses chirped QWs in the active region, designed with the aim to minimize
threshold current over temperature.

1.3.1 Thesis outline

The outline of this thesis is as follows. In Chapter 2, the basics of
vertical-cavity surface emitting lasers are discussed. In Chapter 3, vari-
ous thermal effects, most notably wavelength detuning, in VCSELs are
discussed. Chapter 4 gives an overview of gain engineering in semi-
conductor lasers and VCSELs, with emphasis on chirped QW VCSELs.
Finally, in Chapter 5, the future outlook is presented and Chapter 6
outlines the main results in the appended papers.
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CHAPTER 2

Vertical-Cavity Surface-Emitting Lasers

Lasers (name originating from the acronym LASER for light amplifi-
cation by stimulated emission of radiation) are devices that produce
light with both spatial and temporal coherence through optical ampli-
fication based on the stimulated emission of photons. Various types of
lasers exist, with different architectures and gain mediums, including
gas, chemical, solid-state, fiber, and semiconductor lasers. However, this
thesis focuses solely on semiconductor lasers, with particular emphasis
on vertical-cavity surface-emitting lasers (VCSELs) and effects of ambi-
ent temperature on the device performance. This chapter provides an
overview of the fundamental operating principles of semiconductor lasers
and examines the structure and characteristics of VCSELs in detail.

2.1 Semiconductor lasers

2.1.1 Laser fundamentals

A simplified representation of a laser’s architecture is shown in Figure
2.1. The operation of a laser is founded on two key processes: optical
amplification and feedback.
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gain medium

output(output)

pump

partially
reflective

mirror

(partially)
reflective

mirror

Figure 2.1: Basic design of a laser.

Optical amplification is achieved by creating a population inversion
in the gain medium, which is energized by an external energy supply
(e.g. electrical or optical pumping). Population inversion occurs when
the majority of atoms in the gain medium are in an excited energy state.
Once this condition is met, stimulated emission dominates, producing
photons that share the same frequency, phase, and polarization.

To enable oscillation, the system must include optical feedback. This
is typically achieved by positioning the gain medium between two parallel
reflective mirrors, forming a resonator (also known as a cavity). At least
one of the mirrors must be partially reflective to allow a portion of the
generated light to exit the cavity as output. If both mirrors are partially
reflective (as illustrated in Figure 2.1), light will be emitted from both
sides of the laser.

2.1.2 Semiconductor laser principles

In a basic semiconductor laser, the electrically pumped gain medium, also
known as the active region, typically consists of an undoped (intrinsic)
direct band gap semiconductor material positioned between p- and n-
doped materials with higher band gaps. This configuration, illustrated in
the generic semiconductor laser diagram in Figure 2.2, is often referred to
as an edge-emitting laser (EEL), where the cleaved end facets function as
mirrors. The intrinsic region serves two key roles: it captures energetic
electrons during pumping and guides the laser light. Optical guiding is
facilitated by the higher band gap materials, which generally exhibit a
lower refractive index.

6



2.1. Semiconductor lasers

Figure 2.2: An EEL emits light perpendicularly to its epitaxial layers.

The population inversion required for lasing is achieved by inject-
ing excess electrons and holes into the pin-junction through the drive
current. When the pin-junction is forward biased, electrons and holes
accumulate in the active region, leading to radiative transitions. Once
the current reaches a specific value, known as the threshold current (Ith),
the gain in the cavity equals the losses, satisfying the lasing condition.
The threshold gain required can be expressed as

gth =
1

Γ

(
αi +

1

2L
ln

1

R1R2

)
, (2.1)

where Γ is the confinement factor defined as the volumetric overlap of
the optical mode with the gain medium, αi the internal optical loss, L
the length of the cavity and R1, R2 the reflectivities of the two different
facets of the laser. The second term in parenthesis in Equation 2.1 can
be incorporated into a single parameter called the mirror loss:

αm =
1

2L
ln

1

R1R2
. (2.2)

In addition to satisfying the lasing threshold condition described by
Equation 2.1, the phase of the optical field must reproduce itself after a
complete round trip. Mathematically, this can be expressed as

exp (−jβ · 2L) = exp

(
−j

2π

λ0/neff
· 2L

)
= 1, (2.3)

which results in multiple solutions for the wavelength of the lasing mode,
as given by

λ0 =
2Lneff

m
, (2.4)
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

where λ0 is the wavelength of the light in vacuum, neff the effective
refractive index of the mode and m an integer.

The steady-state and dynamic behaviors of a semiconductor laser can
be analyzed using a set of rate equations (although this is a simplified
model, it provides valuable insight into the qualitative behavior of the
devices). Equation 2.5 describes the change in excess carrier density over
time in the active region, accounting for various processes [7]. Equation
2.6 illustrates how this change influences the photon density of individual
modes within the cavity [7]. Note that the equations describe a single-
mode laser.

dN

dt
=

ηiI

qVa
−AN −BN2 − CN3 − c

ng,eff
gS, (2.5)

dS

dt
=

[
c

ng,eff
Γg − 1

τp

]
S + ΓβspBN2, (2.6)

where N is the excess carrier density in the active region, I the injected
current, ηi the internal quantum efficiency, q the elementary charge, Va

the volume of the active region, A the Shockley-Read-Hall recombination
coefficient, B the spontaneous emission coefficient, C the Auger recombi-
nation coefficient, c the speed of light in vacuum, ng,eff the group effective
index, g the gain coefficient (per unit length) and S the photon density
of the mode in the cavity. Γ is the confinement factor, τp the average
photon lifetime, given by 1/τp = c/ng,eff(αi+αm) where αi is the internal
loss coefficient and αm the mirror loss defined by Equation 2.2, and βsp
the spontaneous emission factor defined as the fraction of spontaneously
emitted photons that couple into the optical mode.

2.2 The Vertical-Cavity Surface-Emitting Laser

The vertical-cavity surface-emitting laser (VCSEL) is a type of semicon-
ductor laser that differs from traditional edge-emitting lasers. Unlike
EELs, where the light is emitted through the side of the chip through
a cleaved facet, VCSELs emit light perpendicular to the surface of the
chip, offering various advantages, e.g., miniaturization, symmetric beam
properties, 2D integration, and simpler fabrication process. These im-
provements make VCSELs ideal for high-speed data transmission and
sensing applications. Due to their compactness and efficiency, VCSELs
are increasingly used in a variety of fields, with datacom networks and
sensing applications being the most prominent.
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2.2. The Vertical-Cavity Surface-Emitting Laser

2.2.1 History

The idea for the VCSEL was first proposed by Kenichi Iga in 1977 [8] and
realized two years later with his colleagues in 1979 [1]. The GaInAsP/InP
laser operated at a temperature of 77K and output merely a few mW
of optical output power for a driving current around 1A. However, this
achievement would be the first step in a series of scientific accomplish-
ments laying the foundation for the multi-billion dollar market the VC-
SEL business is today [2]. The term "surface-emitting laser" was coined
by Prof. Yasuharu Suematsu and is commonly referred to as the vertical-
cavity surface-emitting laser (VCSEL) to distinguish it from other types
of surface-emitting lasers, such as the second-order grating and 45-degree
mirror types that emerged later [8].

These first prototypes operated in pulsed-current mode. The signifi-
cant milestone of continuous-wave (CW) operation at room temperature
(RT) was achieved by Iga and his colleagues in 1988 [8] and published
a year later in 1989 [9]. The GaAs vertical microcavity surface-emitting
laser exhibited a sub-40mA threshold current and emitted at approxi-
mately 870 nm and achieved a maximum output power of 1.6mW [9].

While Iga’s first devices utilized bulk InGaAsP or AlGaAs active re-
gions, the vast majority of VCSELs in production today use strained
quantum wells (QWs) in the active region. The first VCSEL utilizing
a strained QW active region was achieved by J. L. Jewell and his col-
leagues at Bell labs when they demonstrated a VCSEL with an 8 nm
In0.2Ga0.8As QW emitting at 980 nm [10]. In the same year, H. Ueno-
hara, K. Iga and F. Koyama demonstrated the first VCSEL implement-
ing multiple quantum wells (MQWs) in the active region, which helped
to reduce the threshold carrier density and improve performance effi-
ciency [11]. In the following decades, there has been numerous advances
in VCSEL technology, that have been instrumental to the utilization of
GaAs-VCSELs in various applications, such as short-reach OIs, sensing
applications and use in every-day consumer electronics, such as Apple’s
iPhone’s FaceID [12].

2.2.2 VCSEL structure

As the name implies, VCSELs feature a vertical resonator, in contrast to
the edge-emitting lasers described in Subsection 2.1.2, where the cavity
is oriented perpendicular to the layered structure. The primary bene-
fit of this design is that it allows lasers to be processed and tested di-
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

rectly at the wafer level, eliminating the need for individual preparation
and mounting. This significantly improves fabrication efficiency, reduces
manufacturing time, and consequently lowers production costs.

Figure 2.3 illustrates a cross-section of a basic (low-speed) VCSEL
design. The laser’s vertical resonator is formed by two distributed Bragg
reflectors (DBRs), with the top reflector being p-doped and the bottom
one n-doped. Between these DBRs lies the active region, which usually
contains multiple QWs.

top DBR (p-type)
oxide aperture

active region

bottom DBR (n-type)

p-contact

n-contact

light output

Figure 2.3: A cross-section of a VCSEL design showing two distributed Bragg
reflectors (DBRs), active region, oxide aperture and contacts for
current injection. Figure not to scale.

2.2.3 Mirrors and resonator

As discussed in Subsection 2.1.1, all lasers, including semiconductor
lasers and thus also VCSELs, need optical feedback to enable oscilla-
tion. In VCSELs, this is typically accomplished using distributed Bragg
reflectors (DBRs), which consist of quarter-wavelength thin layers made
from either epitaxial (GaAs-based) or dielectric materials with alternat-
ing high and low refractive indices.

In the case of GaAs-based VCSELs, the epitaxial mirrors are almost
exclusively made of AlxGa1−xAs with the two different slabs having low
and high Al-concentrations. For example, the devices in Paper A imple-
ment 12% and 90% Al-contents (in the low-index and high-index layers,
respectively), while in Paper B the Al-content in the low-index AlGaAs
layers was increased from 12% to 14% to avoid interband absorption at
the higher temperatures.

The active region of a VCSEL is typically very thin, resulting in
a small gain per round trip. Consequently, the mirrors must exhibit

10



2.2. The Vertical-Cavity Surface-Emitting Laser

extremely high reflectivity (>99%) to ensure a high number of round
trips for the light. Due to the relatively small difference in refractive
indices between the low- and high-index layers, a significant number of
layer pairs are required in the DBRs, usually around 20–30 pairs [13]. In
Paper A, the VCSELs are designed with 22 pairs in the top p-DBR and
32 pairs in the bottom n-DBR, whereas in Paper B, these numbers are
21 and 30, respectively.

2.2.4 Active region

The VCSEL active region, placed in the cavity between the DBRs, is the
region where light is amplified through stimulated emission. In modern
850-nm high speed datacom VCSEL, the active region can consist of mul-
tiple (3-5) GaAs/AlGaAs [14], InGaAs/AlGaAs [15], InAlGaAs/AlGaAs
[16] or InGaAsP/InGaP [17] QWs. Among these, GaAs/AlGaAs and
InGaAs/AlGaAs QWs are the most widely used today [13]. In this sub-
section, the emission mechanism in MQW VCSELs is discussed.

The QWs are positioned next to one another within the higher bandgap
separate confinement heterostructure (SCH), separated by AlGaAs bar-
riers. These barriers effectively trap carriers, enabling high carrier densi-
ties under adequate current injection. An illustration of a MQW active
region with 3 QWs can be seen in Figure 2.4.

Electrons and holes are injected into the active region from the n-
doped cladding (blue region) and p-doped cladding (red region), respec-
tively. The energy bands facilitate carrier transport into the QWs, where
they accumulate. The active region consists of multiple quantum wells
separated by barrier regions. QWs are designed to confine electrons in
discrete energy states due to their narrow bandgap (Eg,QW) compared
to the barriers (Eg,barrier). Free electrons from the conduction band and
holes from the valence band are captured into the QWs, where the energy
difference between these states corresponds to the bandgap energy of the
QWs, determining the energy of emitted photons. Within the QWs, elec-
trons in the conduction band recombine with holes in the valence band
when interacting with the photons, and stimulated emission occurs. The
emitted photons stimulate further recombination of carriers, amplifying
the optical fields. The emitted photons propagate vertically in the VC-
SEL, aligning with the optical cavity formed by the DBRs (not shown
here). The stimulated emission generates coherent light, providing the
optical output power of the VCSEL. Overall, the confinement of carriers
in the QWs and the stimulated emission process result in coherent opti-
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

cal output power in the VCSEL. A portion of the photons generated by
stimulated emission escape from the partially reflective DBR, producing
the laser output.

QW1 QW2 QW3

Eg,QWEg,barrier Eg,cladding

injection of
electrons

injection of
holes

p
-d

o
p

e
d

 c
la

d
d

in
g

n
-d

o
p

e
d

 c
la

d
d

in
g

Figure 2.4: Energy band diagram of the SCH and its cladding along the ver-
tical axis in the VCSEL, illustrating the injection of free carriers
(electrons and holes) and stimulated emission. The diagram also
shows the band gaps (Eg) in various regions (cladding, barriers,
and QWs).

In addition to stimulated emission, VCSELs also emit light through
spontaneous emission. Spontaneous emission occurs when carriers in
QWs recombine spontaneously, emitting photons with random directions,
polarizations, and a broader spectrum compared to stimulated emission.
Additionally, non-radiative spontaneous recombination can occur. The
total rate of spontaneous recombination can be expressed as [7]

Rsp(N) = A ·N +B ·N2 + C ·N3, (2.7)

where N is the density of excess free carriers (holes and electrons), A the
Shockley-Read-Hall-recombination coefficient, B the radiative recombi-
nation coefficient and C the Auger recombination coefficient. Shockley-
Read-Hall and Auger recombinations are non-radiative processes, asso-
ciated with defects and collisions of free carriers with excess energy, re-
spectively [7]. Radiative recombination, as the name implies, generates
photons via spontaneous emission, with only a small fraction coupled
into resonator modes while the majority is lost.
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2.2. The Vertical-Cavity Surface-Emitting Laser

2.2.5 Electro-optical confinement

The longitudinal optical confinement in VCSELs is provided by the
DBRs. However, effective lateral confinement of light and current is also
necessary. Historically, various methods have been employed to achieve
this, including etching an air post around the top mesa [18] (with or
without the regrowth of semi-insulating semiconductor) and proton im-
plantation [19]. However, these approaches have significant drawbacks.

In the majority of VCSELs produced today, lateral confinement is
achieved through selective oxidation [20], which forms an oxide aperture
to confine current and light laterally. This technique is utilized in all
VCSELs discussed in Paper A and Paper B. The process involves oxi-
dizing high-aluminum AlGaAs layers using hot water vapor at elevated
temperatures. In Paper B, two primary oxide layers (Al0.98Ga0.02As)
and four secondary oxide layers (Al0.96Ga0.04As) are employed. In paper
A, a similar design is used, however one design uses primary oxide lay-
ers with higher Al-content (Al0.985Ga0.015As), while the other design has
one primary (Al0.985Ga0.015As) and one intermediate (Al0.978Ga0.022As)
oxide layer. The oxidized regions serve as electrical insulators, directing
current flow through the aperture, while still guiding light, since oxidized
layers have a lower refractive index than the unoxidized regions in the
epitaxial structure.

As a result, specific optical modes, known as oxide modes, can prop-
agate within the cavity in the oxidized regions. Compared to the desired
aperture modes, these oxide modes exhibit significantly lower gain and
are blue-shifted by 15–20 nm. Nevertheless, at very low temperatures,
oxide modes can dominate over the aperture modes. This phenomenon
is observed in Figure 3 of Paper B, where unusual behavior in the LI
curve at −40 ◦C of one of the designs is attributed to these modes. Such
behavior degrades VCSEL performance and must be accounted for in the
design process of the devices through suitable selection of the thickness
and vertical placement of the oxide layers.

2.2.6 Static performance characteristics

The static performance of a VCSEL is typically characterized by light-
current-voltage (LIV; also know as IPV for current-power-voltage) mea-
surements, where the device output power and applied voltage is mea-
sured vs. input electrical current.
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Figure 2.5: Various important static performance characteristics can be ex-
tracted from the LIV -curves.

A typical LIV-curve can be seen in Figure 2.5 with some of the im-
portant performance parameters marked:

• Threshold current Ith is the current required to achieve lasing in a
VCSEL. Below this current, the device emits only through sponta-
neous emission. A lower threshold current indicates a more efficient
VCSEL, as less electrical power is needed to initiate lasing. This is
particularly important for minimizing power consumption in low-
power applications.

• Slope efficiency ∆P/∆I is the rate at which optical output power
increases with increasing input current above the threshold. Higher
slope efficiency reflects better conversion of electrical power into op-
tical output, making the VCSEL more energy-efficient and suitable
for high-performance optical communication systems.

• Differential resistance Rdiff = ∆V/∆I is the incremental resistance
of the VCSEL measured from the slope of the current-voltage (IV )
curve. It provides insight into the electrical properties of the de-
vice. Lower differential resistance indicates better current flow and
reduced electrical losses, which contributes to improved efficiency
and reduced self-heating.
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• Roll-over current is the point at which the optical output power
begins to decrease despite an increase in input current. It typically
occurs due to excessive heating or carrier leakage at high currents.
A higher roll-over current is desirable as it indicates a wider op-
erational range and better thermal management in the VCSEL,
leading to more stable performance at high power levels.

2.2.7 Spectral characteristics

The wavelength and power of lasing modes of a VCSEL are determined
by three factors: the optical gain profile, spectral cavity response (mirror
reflectivity and absorption loss) and cavity resonances (modes supported
by the cavity). The width of the gain spectrum of a typical 850 nm VC-
SEL is on the order of few tens of nm. Because of the short cavity
length, the wavelength difference between longitudinal modes (known
as free spectral range, determined by equation 2.3) is on the order of
few hundred nm. Therefore VCSELs only support a single longitudi-
nal mode. However, the geometry of the device may allow for several
transverse modes (lateral direction), determined mainly by the optical
confinement (i.e. oxide aperture for the VCSELs presented in Paper A
and Paper B).

The transverse modes that can resonate in the VCSEL are Laguerre-
Gaussian modes [21], more commonly known as LP (linearly polarized)
modes. Some of these lower-order modes can be seen in Figure 2.6.

Figure 2.6: Intensity of various lower-order Laguerre-Gaussian modes.
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The fundamental Gaussian (LP01) mode, being the most confined,
has the highest effective refractive index due to minimal interaction with
the surrounding lower-index guide. Consequently, it has the longest
wavelength, as the optical path length depends on the physical path mul-
tiplied by the effective refractive index. Higher-order modes resonate at
shorter wavelengths. A typical spectrum for a multi-mode (MM) VCSEL
can be seen in Figure 2.7, with the fundamental LP01 mode having the
longest wavelength.

Figure 2.7: Optical spectrum of a VCSEL. Different transverse modes have
different effective refractive indices and therefore different reso-
nance wavelengths.

2.2.8 Dynamics

The basic dynamic characteristics of VCSELs can most easily be stud-
ied by analyzing the small-signal modulation response which represents
the response of the output power to a small sinusoidal variation of the
injection current as a function of frequency. This process is extensively
described in [22].

To account for gain compression at high photon densities (i.e. cur-
rents), optical gain G can be expressed as

G = G(N,S) =
g(N)

1 + εS
, (2.8)

where ϵ is gain compression factor, which accounts for gain saturation
at high photon densities. Although there are no exact analytical solutions
to the rate equations far away from steady state, a small perturbation
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2.2. The Vertical-Cavity Surface-Emitting Laser

approximation can give fairly accurate results. This can be done by
applying a first order Taylor expansion to I, N and S. Solving for the
small-signal frequency response, the transfer function for the intrinsic
response of this second order system becomes [7]

Hint (f) = ηd
hc

λ0q
· f2

r

f2
r − f2 + jγ f

2π

, (2.9)

where ηd is the differential quantum efficiency, h the Planck constant,
c the speed of light, fr the resonance frequency (defined below) and γ
the damping factor (defined below). The resonance frequency can be
approximated as

fr ≈
1

2π

√
vgg0S

τp(1 + εS)
, (2.10)

where g0 is the nominal differential gain dG0/dN (G0 is the optical
gain without gain compression; G0 = G(N,S = 0)). The damping factor
γ can be expressed as

γ = Kf2
r + γ0, (2.11)

where γ0 is the damping offset and K a parameter known as the
K-factor, which can be expressed as

K = 4π2

(
τp +

ε

vgg0

)
. (2.12)

Another important parameter to characterize the dynamics of semi-
conductor lasers is the so-called D-factor which quantifies the rate at
which the resonance frequency increases with current:

fr = D ·
√
I − Ith, where D =

1

2π

√
ηiΓvgg0
qVa

, (2.13)

where I is the injected current and Ith is the threshold current.
In addition to the aforementioned parameters, an extremely signifi-

cant parameter is the 3 dB bandwidth. The modulation bandwidth is
defined as the frequency at which the modulation response falls 3 dB be-
low its low frequency value (see Figure 2.8). 3 dB bandwidth determines
how fast the laser can effectively be modulated, which in turns limits the
data rate of the optical link where it is used.
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Figure 2.8: 3 dB bandwidth can be determined by studying modulation re-
sponse of the VCSEL.

The resonance of the VCSEL is also described by response overshoot.
Response overshoot is defined as the difference of the maximum modula-
tion response and the modulation response at low frequencies. Excessive
response overshoot can be caused by high threshold current, which re-
duces the difference between bias and threshold current, and thereby
the resonance frequency. When the resonance frequency is reduced to
below the parasitic pole frequency, the modulation response becomes
more peaked. In high-speed modulation applications (such as in com-
munication systems), large response overshoot can cause distortion in the
modulated signal, resulting in pulse broadening, jitter, or signal integrity
issues. These can lead to reduced data transmission rates or errors in
the communication link.

2.2.9 High-speed VCSELs and bandwidth limitations

In general, VCSELs have inherently a very large modulation bandwidth.
However, various techniques are used to increase the modulation band-
width compared to a standard VCSEL design presented in Figure 2.3.
This includes a careful design of the oxide layers that provide electro-
optical confinement to reduce capacitance, use of strained QWs in the
active region to increase differential gain, and various other techniques.
The use of benzocyclobutene (BCB), an organic polymer with low di-
electric constant, low optical loss, high thermal stability, and superior
adhesion to various materials, reduces the parasitic pad capacitance Cp

and enhances modulation speed. An illustration of a high-speed VCSEL
with BCB can be seen in Figure 2.9. In addition a simplistic equivalent
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circuit model is presented to explain some of the bandwidth limitations.

n-DBR

Multiple oxide layers

BCB

n-doped or undoped substrate

Contact pad P contact ring

Active region

p-DBR

n-contact layer
n-contact

Figure 2.9: Illustration of a high-speed VCSEL with BCB with a simplified
equivalent circuit model.

The bandwidth of a high-speed VCSEL is limited by several factors.
Among the most significant are intrinsic modulation dynamics (damp-
ing), thermal effects, and electrical parasitics.

The intrinsic bandwidth of the VCSEL is limited by damping. At a
sufficiently high bias power the damping rate becomes so large that the
relaxation resonance becomes critically damped and the 3-dB bandwidth
reaches a maximum value, which (without taking into account thermal
and parasitic effects) can be expressed as [23]

f3dB,damping =
2
√
2π

K
, (2.14)

where K is the K-factor introduced in Subsection 2.2.8.
In addition to the intrinsic bandwidth limitation caused by damping,

there are also extrinsic constraints. One extrinsic limitation is from ther-
mal effects. As the bias current increases, the resistive components of the
VCSEL and the internal optical loss generate heat due to power dissipa-
tion. This self-heating effect reduces the differential gain and increases
the threshold current. Consequently, at high currents, these factors lead
to a saturation of photon density and the resonance frequency.

Another extrinsic limitation arises from diffusion and depletion ca-
pacitances in the active region and the capacitance over the oxide layer(s).
Together, these are referred to as the mesa capacitance. This capacitance
Cm, in combination with the series resistance Rs = Rm + Rj, creates a
low-pass RC filter (see the equivalent circuit model in Figure 2.9). This
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filter shunts the the modulation current outside the active region at fre-
quencies above the filter bandwidth.

The VCSEL transfer function, combining the transfer function rep-
resenting the intrinsic response (Equation 2.9) with the transfer function
representing the filtering by parasitics, becomes

Htot(f) = ηd
hc

λ0q
· f2

r

f2
r − f2 + jγ f

2π

· 1

1 + j f
fp

, (2.15)

where fp is the cut-off frequency representing the effects of parasitics.

2.3 Experimental setups

To characterize the VCSELs, various measurements must be performed
over a wide range of temperatures. In this section, different experimental
setups and methods used to characterize the devices are explained.

Figure 2.10: MPI TS200-SE manual probe station. A VCSEL being probed
with an RF probe and output light coupled into a lensed fiber
can be seen on the screen.

Since the aim of this thesis is to achieve sufficient performance of
VCSELs between −40 and 125 ◦C, the devices must also be measured
in this temperature range to characterize them. To achieve this, a MPI
TS200-SE manual probe station with moisture-free measurement envi-
ronment, where temperature can be set from −60 to 300 ◦C, is used. The
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probe station is displayed in Figure 2.10. Devices under test (DUT) can
be placed inside a temperature-controlled, moisture-free chamber. Ded-
icated probe arms to probe and bias the devices and couple the output
light into an optical fiber, are used.

To measure LIV -characteristics, a large area photodetector is used.
The VCSEL is biased using a Yokogawa 7651 programmable DC Source
using a GGB Industries’ Picoprobe customized model 40A with a signal-
ground (SG) tip footprint that has a 100 µm pitch (same as the contact
pitch on the VCSELs). The output light is collected using a Hamamatsu
S2281 large-area Si photodiode and both the contact voltage and pho-
tocurrent of the diode (measured as voltage, corresponding to optical
power) are measured by a HP 34970A data logger switch unit.

Scattering parameters (S11 and S21) are measured using a vector
network analyzer (VNA). The VCSEL is biased using a Yokogawa 7651
programmable DC supply together with a Rohde & Schwarz ZVA 67
VNA, which modulates the signal using an MPI Titan T67A probe with
a signal-ground (SG) tip footprint that has a 100 µm pitch. The output
light is coupled into a Thorlabs LFM1F-1 lensed tip fiber, which outputs
the light into a Thorlabs DXM30BF high-speed photodetector through
a EXFO FVA-3150 variable optical attenuator (used to limit the power
entering the photodiode). The photodiode transforms the optical signal
into an RF signal and feeds it back to the VNA. The DC source and the
VNA are all controlled by a PC and the measurement results are saved
by the same computer.

The setup to measure optical spectrum is similar to both LIV -setup
and S-parameter setup. The VCSEL is biased identically as in the LIV -
setup. The output light is coupled using a lensed fiber (as is the case
for S-parameter measurements) directly to an ANDO AQ6317 optical
spectrum analyzer.

Large-signal modulation measurements are performed as well. A 25
Gbaud NRZ signal consisting of pseudorandom binary sequences with a
word length of 27−1, generated by a bit pattern generator (SHF 12103A),
is supplied to the VCSEL through a high-speed bias-T and a high-speed
RF probe (MPI Titan T67A). The output light is coupled to the lensed
fiber fiber, which is connected to a 32 GHz photoreceiver (MACOM
PT-28F/MM) via the variable optical attenuator. The photoreceiver is
connected to a 70 GHz equivalent time sampling oscilloscope (Agilent
Infiniium DCA-J 86100C) to capture eye diagrams.
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2.4 VCSEL fabrication

VCSELs presented in Paper B is fabricated using a mature high-speed
VCSEL fabrication process developed at Chalmers over the years. A
simplified overview of the process is given in Table 2.1. The attached
figures represent a cross-section view of the VCSEL structure.

Table 2.1:

Name Figure

1 Cleaving of wafers into
chips. The GaAs epitaxial
wafer is scribed into 8 x 10 mm
chips. Each chip will have 224
individual VCSELs with varying
apertures.

p-DBR

n-DBR
active region

contact layer
GaAs substrate

2 Top contact deposition. Top
contacts (also known as p-
contacts) are deposited on the
chips by evaporation. They
consist of 20 nm/50 nm/100 nm
Ti/Pt/Au layers.

p-contacts

3 SiNx deposition and pho-
tolithography to define mesa
etch. Silicon nitride (also
known as SiNx) is sputtered over
the entire chip to protect the un-
etched surfaces during the oxida-
tion process. The circular mesa
structures are defined using pho-
tolithography, and inductively
coupled plasma (ICP) reactive-
ion etching (RIE) is used to re-
move the unprotected SiNx in an
NF3 plasma.

SiNx

Continued on next page
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2.4. VCSEL fabrication

Table 2.1: (Continued)

4 Top mesa etch. The mesas
are etched using Ar/SiCl4 and
Ar/Cl2 chemistries. Four differ-
ent mesa diameters (28, 30, 32,
and 34 µm) are utilized to intro-
duce variation in the final ox-
ide aperture diameters across the
chip.

5 Protective SiNx deposition.
A protective SiNx layer is
deposited on the chip using
plasma-enhanced chemical vapor
deposition (PECVD) to shield
the surface of the etched sam-
ple from exposure to the atmo-
sphere and during the oxidation
process.

PECVD 
SiNx

6 Opening of SiNx on side-
walls. A photolithography step
is performed, followed by selec-
tive NF3 etching of the SiNx on
the mesa sidewalls to expose the
96% and 98% Al-content layers,
after which the chip is oxidized.

7 Wet oxidation. Oxide aper-
ture is formed using wet oxida-
tion at 420 ◦C. oxidized 

layers

Continued on next page
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Table 2.1: (Continued)

8 Deep etch. Photolithogra-
phy is used to define the deep
etch, where secondary mesas
with 50 µm diameters are etched
using the same recipe as in Step
4 to etch down into the n-contact
layer.

9 Deposition and annealing of
n-contacts. Remaining protec-
tive SiNx is removed using the
same etching procedure as in
Step 3. Photolithography is used
to define n-contact geometry.
20/52/100 nm thick Ni/Ge/Au
n-contacts are deposited using
evaporation. Germanium is in-
corporated into the composition
because the n-contact layer lacks
sufficient doping to enable ohmic
contact without additional en-
hancement. During rapid ther-
mal annealing for 50 s at 390 ◦C
in an N2 environment, Ge al-
loys with the contact layer, sig-
nificantly doping it and forming
ohmic contacts.

10 Contact layer etch. To re-
duce pad capacitance, the doped
contact layer beneath the area
designated for the top bond pad
is removed using the ICP sys-
tem following a photolithogra-
phy step.

contact
layer
removal

Continued on next page
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2.4. VCSEL fabrication

Table 2.1: (Continued)

11 Deposition of BCB. After de-
position of protective SiNx, BCB
is spun to planarize the VCSELs.
The BCB is cured at 260 ◦C in an
oxygen free environment.

BCB
PECVD
SiNx

12 Opening of mesa. Care-
ful iterative etch (with frequent
profiling to monitor the height
of the remaining BCB) is per-
formed to open up the mesa and
n-contacts. Once all BCB is re-
moved from the mesa, SiNx is
deposited on the remaining BCB
for improved bondpad adhesion.

13 Bondpad deposition. Ti/Au
bond pads are defined using pho-
tolithography and deposited via
sputtering to enable probing of
the lasers.

p-pad

n-pad
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CHAPTER 3

Thermal effects in VCSELs

VCSELs are highly temperature dependent devices, with their perfor-
mance significantly influenced by both external (ambient) temperature
and internal heating within the device. While the mechanisms of exter-
nal and internal heating differ, their effects are similar, as both lead to
an increase in the temperature of the active region. Internal temperature
rise in a VCSEL occurs due to power dissipation, where electrical power
supplied to the laser is not entirely converted into coherent light but
instead dissipated as heat. The thermal rollover mechanisms underlying
this process are discussed in detail in [7,24]. Since this thesis focuses on
mitigating the impact of ambient temperature variations on VCSELs,
this chapter provides an overview on how ambient temperature affects
device performance.

3.1 Wavelength shift

The resonance wavelength λ of the VCSEL is a measurable parameter
that depends strongly on the temperature of the device. As ambient tem-
perature Ta or internal temperature Ti increases, a phenomenon known
as the red-shift is observed in the emission spectrum, shifting it to longer
wavelengths. This shift arises from temperature-induced changes in the
refractive indices n of the semiconductor materials and the thermal ex-
pansion of the epitaxial layers, and it can be expressed as
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1

λ

dλ

dT
=

1

n̄

dn̄

dT
+

1

L

dL

dT
, (3.1)

where dn̄/dT > 0 and dL/dT > 0. The shift induced by the change of
the refractive index (first term on the right in Equation 3.1) dominates,
as it is more than an order of magnitude larger than the shift induced by
the increase of the cavity length (second term on the right in Equation
3.1) [25]. An example of the wavelength shift without internal heating
taken into account can be seen in Figure 3.1, where the wavelength shift
for one of the designs described in Paper A is displayed.
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Figure 3.1: The wavelength shift of a VCSEL without any internal heating.

3.2 Temperature dependence of gain

When the temperature of an InGaAs/AlGaAs MQW VCSEL increases,
the optical gain spectrum in general experiences a red-shift and a re-
duction of its amplitude, which can be attributed to several interrelated
factors.

The red-shift is mainly caused by the decrease of the bandgap of the
InGaAs QWs. This can be described by the Varshni equation [26]

Eg(T ) = Eg(0)−
αT 2

T + β
, (3.2)
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where Eg(T ) is the temperature-dependent bandgap, and α and β are
material-specific constants. As the bandgap decreases, the peak wave-
length of the material’s optical gain spectrum shifts to longer wave-
lengths, for InGaAs/AlGaAs QWs this shift rate is typically around
0.33 nm/°C.

Another important mechanism behind the reduction of the gain as
temperature increases is the broadening of the Fermi occupation proba-
bility distribution, which spreads the carriers over a larger energy range
for a given overall carrier density [7]. This leads to a reduced spectral
concentration of inverted carriers, causing the gain spectrum to broaden
and flatten [7].

At higher temperatures, non-radiative recombination mechanisms,
such as Auger recombination and defect-related recombination, become
more significant [7]. This reduces the number of carriers available for
radiative recombination, further decreasing the gain.

Lastly, at elevated temperatures, optical loss due to free-carrier ab-
sorption in the doped DBRs increases. Additionally, intervalence band
absorption can become more pronounced, leading to further optical losses
that diminish the net gain.

3.3 Wavelength detuning

As discussed in Sections 3.1 and 3.2, the gain peak shifts at a rate of
0.33 nm/°C, while the resonance wavelength, determined by the cavity
length, shifts at approximately 0.07 nm/°C. This will have a consider-
able effect on the performance of the VCSELs over a wide temperature
range. This effect is quantified by wavelength detuning (also known as
gain-cavity offset), here defined as the wavelength difference between cav-
ity resonance and active region photoluminescence (PL) peak at room
temperature (RT), illustrated in Figure 3.2. There is an approximately
10 nm to 20 nm offset between the photoluminescence (PL) and gain
peak wavelengths, with the gain peak occurring at a longer wavelength.
However, both peaks shift at the same rate with temperature.
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Figure 3.2: Schematic illustrating how PL and gain spectra and resonance
wavelength shift with temperature. Gain and PL spectra are not
to scale.

3.3.1 Impact of wavelength detuning on VCSEL perfor-
mance

Detuning has strong impact most explicitly on the temperature depen-
dence of threshold current. This is because modal gain is highly depen-
dent on the spectral overlap between the cavity mode and the gain spec-
trum. A detuned system may already operate near the edge of the gain
spectrum. As temperature increases, the gain spectrum shifts further,
potentially reducing the effective gain below the threshold requirement.
The VCSEL then requires a higher injected current to compensate, fur-
ther increasing the threshold current.

Moreover, differential gain is reduced with increasing carrier density
and therefore depends on threshold current which sets the carrier density
due to clamping. It is also important to note that differential gain drops
less rapidly on the short wavelength side of the gain peak than on the
long wavelength side, which has a substantial impact on the modulation
dynamics of the VCSEL and its temperature dependence.

The effect of detuning on various performance parameters from −40
to 125 ◦C is in detail discussed in Paper A, where two VCSELs with oth-
erwise similar design, but different detuning are thoroughly characterized
and compared.
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CHAPTER 4

Gain engineering in VCSELs

The phenomena that cause the strong temperature-dependence of VC-
SEL performance, mainly the red-shift of cavity resonance and gain and
the reduction of gain with increase of temperature, discussed in the pre-
vious chapter, are mostly inherent and there is not much one can do
about it. Therefore, already in 1992 it was proposed that using different
QWs in a MQW active region would stagger the gain spectrums of the
individual QWs, broaden the optical gain and therefore reduce the ef-
fects of temperature on the threshold current of VCSELs [27]. There are
several methods to do this, for example varying the QW thickness [3–5]
or QW composition (our work in Paper B). In addition, implementing
QDs with a size distribution [6] in the active region, where different size
QDs produce optical gain at different wavelengths, is possible. In this
chapter, previous and our work on gain engineering is discussed.

4.1 QW gain theory

The gain spectrum of a MQW VCSEL under a specific bias (i.e. for a
given carrier concentration) is primarily determined by the composition
and architecture of the active region, which typically consists of three
to five individual QWs. When designing the MQW active region with
a certain number of QWs, four key parameters can be adjusted: the
thickness and composition of the QWs, as well as those of the barriers
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separating them. This section discusses the impact of QW composition
and thickness on the gain characteristics.

Several studies have explored the influence of QW thickness and com-
position on the gain spectrum and overall device performance. To enable
high-temperature operation and ultra-low thresholds for VCSELs emit-
ting at 891 nm at RT used in Cs-based chip-scale atomic clocks, Zhang et
al. designed three InGaAs/AlGaAs active regions with gain peak wave-
lengths of 870 nm, 880 nm, and 890 nm, corresponding to gain-cavity
detunings of −21 nm, −11 nm, and −1 nm, respectively [28]. Based on
theories developed in [29,30], they demonstrated that for a fixed indium
content, increasing the QW thickness red-shifts the gain peak due to
reduced quantization energies [31]. Similarly, increasing the indium con-
tent for a fixed QW thickness also red-shifts the gain peak, primarily
due to a reduction of the bandgap of the InGaAs bulk material [28].

In Figure 4.1, this behavior is illustrated by plotting the peak gain
wavelength vs different QW thicknesses. The calculations are performed
using SimuLase [32], that uses an 8 × 8 − k · p-model to calculate the
single particle wavefunctions and energies (subbands), with the model
used described in more detail in [33]. The wavefunctions and subbands
are used to set up the matrix elements that enter the semiconductor-
Bloch equations [34, 35] that are used to calculate the gain/absorption
and carrier induced refractive index changes. The structure simulated
is a single InxGa1−xAs quantum well, surrounded by two 10-nm-thick
Al0.37Ga0.63As barriers, on top of GaAs cladding, similar to the design
used for the VCSELs in Paper B.
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Figure 4.1: Dependence of gain peak wavelength at room temperature on QW
thickness and In-content for an InxGa1−xAs/Al0.37Ga0.63As QW.
The carrier density in the QW is approximately 6× 1018 cm−3.

It is apparent that choosing an appropriate QW thickness and com-
position can be used to spectrally position the gain of a MQW VCSEL.
Combining QWs with different compositions or thicknesses (also know
as chirped QWs) can thus be used to broaden the gain spectrum.

4.2 Chirped QWs

Chirped QWs in InGaAs/AlGaAs VCSELs are designed to improve de-
vice performance over temperature by broadening the gain spectrum and
enhancing carrier confinement. In a chirped QW structure, the thickness
or composition of the QWs is varied across the active region, allowing for
a range of emission wavelengths. This means that the gain spectra for
individual QWs will be shifted relative to each other and total gain spec-
trum flattened. This approach reduces the effects of gain saturation and
spectral hole burning, enabling higher output power, reduced threshold
currents, and improved temperature stability.
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This effect is illustrated in Figure 4.2, where the simulations of modal
gain at threshold of VCSELs presented in Paper B are shown. Individ-
ual QWs with different composition and equal thickness provide peak
gain at different wavelengths and the total modal gain for the VCSEL
with chirped QW is broadened and flattened compared to a similar VC-
SEL design with equal QWs. A broader gain spectrum results in more
temperature-insensitive performance. These simulations are performed
in SimuLase according to the same scheme as described in Section 4.1.
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Figure 4.2: Modal gain spectrum of individual QWs (dashed); total modal
gain spectrum of a VCSEL with chirped QWs (blue); modal gain
spectrum of a similar MQW VCSEL with equal QWs (black).

4.3 Previous work on chirped QWs

4.3.1 Varying thickness

In 1992, Corzine et al. proposed the use of QWs with different widths
in a MQW active region to broaden the optical gain spectrum [27]. In
1999, Ortiz et al. were the first to implement chirped QWs with vary-
ing thickness to demonstrate temperature-insensitive cryogenic VCSELs
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providing a high-modal gain over a broad range of temperatures (5 to
350K) and maintaining mode-gain alignment from 5 to 100K, operating
at 800 nm wavelength [3]. Their active region consisted of four GaAs
MQWs of different thickness (55, 70, 90, and 105Å), with the wells sepa-
rated by 100Å thick Al0.15Ga0.85As barriers. In their comparison with a
similar design with uniform QWs, they demonstrated the improved per-
formance of the chirped MQW structure at both the lower and higher
temperature regimes [3].

In addition there has been work implementing chirped QWs in devices
other than VCSELs. Oh et al. used chirped QWs with varying thick-
nesses in AlGaInP-based light-emitting diodes (LEDs) and were able
to demonstrate broadening of emission spectrum by 65% and increase
of the light output power by 8% in comparison to LEDs with conven-
tional MQWs [4]. Gingrich et al. have demonstrated widely tunable
low-threshold current laser diodes, where the use of QWs with varying
thicknesses helped improve tunability of the devices considerably [5].

4.3.2 Varying composition

As shown in Section 4.1, the optical gain spectrum is determined by
both the composition and thickness of the individual QWs in a MQW
active region. Thus chirped QWs can also be achieved by varying the
composition of the QWs, as opposed to thickness, work on which was
discussed in the previous section.

In 1995, Fritz et al. presented broad-band LEDs emitting from 1.4 µm
to 2.0 µm using variable-composition InGaAs QWs [36]. Utilizing three
InxGa1−xAs QWs (with x = 0.4, 0.53, and 0.66) embedded in the p-
doped region of an InAlAs p-n junction diode, they demonstrated broad-
band emission over a large wavelength range [36].

In the same year, Kajita et al. demonstrated temperature-insensitive
980 nm InGaAs/AlGaAs VCSELs using three QWs in the active region
with different compositions, with gain peaks set to 970 nm, 980 nm,
990 nm, respectively [37]. The results of gain-spectrum measurements
confirmed that the gain bandwidth was broader compared to conven-
tional devices with active layers made of a single type of QWs and tem-
perature characteristic measurements revealed that the operational tem-
perature range of a VCSEL with a broad gain bandwidth was over 20 ◦C
wider than that of conventional devices [37].
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4.4 Temperature-insensitive VCSELs with chirped
QWs

As discussed, chirped QWs can be used to broaden the optical gain spec-
trum and thus reduce the temperature dependence of threshold current
and various other performance parameters, making the devices more
temperature-insensitive. However, the individual QWs used in the MQW
active region must be chosen appropriately to achieve most optimal per-
formance. For this, extensive simulations can and should be performed.
To develop the designs presented in Paper B, the following simulation
process was utilized.

First, the quasi-Fermi level separation (QFLS) and gain spectrum are
calculated for 4 nm thick InxGa1−xAs/Al0.37Ga0.63As individual QWs
with different compositions at different carrier densities n and tempera-
tures T using SimuLase [32] according to the same scheme as described
in Section 4.1. Then, 1D transfer matrix method (TMM) resonator sim-
ulations are used to calculate the optical confinement factor Γ for each of
the QWs, resonance wavelength λ, and the modal gain at threshold (gth)
at the same temperatures as the SimuLase simulations are performed.
Temperature dependent optical loss, caused by temperature dependent
free carrier absorption in the DBRs, is accounted for.

Next, for a set of QWs with given compositions, and under the as-
sumption of mutual thermal equilibrium (i.e. a single set of quasi-Fermi
levels to represent the population of states in all QWs), the QFLS is
increased until the modal gain reaches threshold. This is done over tem-
perature and at each temperature the carrier density in the QWs at
threshold is monitored. The illustration of this iterative algorithm can
be seen in Figure 4.3,

At threshold, carrier injection balances spontaneous carrier recombi-
nation in the QWs. Under the assumption that carrier recombination is
dominated by spontaneous emission, threshold current becomes propor-
tional to threshold carrier density squared:

Ith =
qVa

ηi
·Rsp (∆nth) , (4.1)

Rsp (∆nth) = A ·∆nth +B ·∆n2
th + C ·∆n3

th ≈ B ·∆n2
th, (4.2)

⇒ Ith(T ) ∼ η−1
i (T ) ·B(T ) ·∆n2

th(T ). (4.3)

While also the internal quantum efficiency ηi and B-coefficient are
dependent on temperature, the sum of carrier densities squared in the
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Figure 4.3: Simulation algorithm to estimate temperature dependence of
threshold current.

five QWs (ΣQW∆n2
th(T )) can be used as a measure of the threshold

current. In paper B, this method was used to simulate more than 100
000 different combinations.

In the paper, the design and performance of a 25 Gbaud class 850 nm
VCSEL with reduced temperature dependence through the use of chirped
QWs is presented. Reduced temperature dependence of threshold cur-
rent, modulation bandwidth, and damping of the modulation response
from −40 to 125 ◦C is demonstrated. This work, to my knowledge, is
the first to report such data rates for an 850 nm datacom VCSEL with
chirped QWs in the active region over an extended temperature range
from −40 to 125 ◦C.
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CHAPTER 5

Future outlook

There are several research topics related to this thesis that can be ex-
plored in future upcoming work. In this chapter, some of these potential
research opportunities to build upon the work presented in Paper A and
B are presented.

Paper A explores the impact of detuning on the wide-temperature
performance of VCSELs. While the underlying physical phenomena re-
sponsible for temperature dependencies are addressed briefly, a more
in-depth analysis could provide a comprehensive understanding of the
factors contributing to performance degradation at extreme tempera-
tures. Such insights would be invaluable for designing more robust and
efficient VCSELs.

In Paper B, we design, fabricate, and evaluate the performance of
temperature-insensitive 850 nm datacom VCSELs. Key performance
parameters are presented, along with results from large-signal transmis-
sion experiments. In Paper C, which is outside the scope of this thesis,
bit-error-rate measurements were conducted using these VCSELs. Fu-
ture work could explore utilizing these VCSELs as transmitters in OIs
with higher-order modulation formats, advanced forward error correc-
tion, and various equalization techniques to achieve even higher data
rates at temperature extremes.

Additionally, the techniques demonstrated in Paper B can be adapted
to design and fabricate temperature-insensitive datacom VCSELs operat-
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ing at 980 nm. Shifting to a longer wavelength offers several advantages,
including enhanced differential gain, improved thermal conductivity of
the Bragg mirror, reduced turn-on voltage, minimized thermal escape of
carriers from QWs, lower variability in wearout, and greater robustness
compared to 850 nm VCSELs [38]. These are some of the reasons why
980 nm has been chosen as the industry standard for automotive optical
interconnects [39].
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Summary of papers

Paper A
Effects of Detuning on Wide-Temperature Behavior of 25 Gbaud
850nm VCSELs
SPIE Photonics West, Vertical-Cavity Surface-Emitting Lasers XXVII,
published March 2023

Wavelength detuning is a prime parameter for controlling the temper-
ature dependence of VCSEL performance. In Paper A, we study the
impact of detuning on the performance of 25 Gbaud class 850 nm VC-
SELs over a temperature range of −40 to 125 ◦C, as applicable to e.g.
automotive optical networking. Two VCSELs with different detuning,
but otherwise identical are compared. Basic static and dynamic per-
formance parameters and their temperature dependencies are extracted.
The results show that detuning can be used to engineer the VCSEL
design for sufficient performance at the temperature extremes and im-
proved tolerance to temperature variations.

My contribution: I conducted all the measurements and data anal-
yses. I am the primary author of the paper and I presented the results
at the conference.
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Paper B
25 Gbaud 850 nm VCSEL for an Extended Temperature Range
IEEE Photonics Technology Letters, submitted November 2024

In Paper B, we investigate the performance of a 25 Gbaud 850 nm
vertical-cavity surface-emitting laser (VCSEL) with reduced tempera-
ture dependence from −40 to 125 ◦C. The VCSEL design implements
chirped quantum wells (QWs) with different compositions to broaden the
gain spectrum and achieve sufficient performance over the entire tem-
perature range at constant bias current and modulation voltage. A 6 µm
oxide aperture diameter VCSEL supports data transmission at 25 Gb/s
NRZ from −40 to 125 ◦C with 8mA bias current and 640mV modulation
voltage. The temperature dependencies of basic performance parameters
are also compared to those of a conventional VCSEL with identical QWs.

My contribution: I performed large parts of the simulations in the
design process of the VCSEL. I fabricated the VCSELs and conducted
all the measurements and data analyses. I am the primary author of the
paper.
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