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Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

The vertical-cavity surface-emitting laser (VCSEL) is a light source of
great importance for numerous industrial and consumer products. The
main application areas are datacom and sensing. The datacom industry
uses GaAs-based VCSELs for optical interconnects, the short-reach fiber
optical communication links used to transfer large amounts of data at
high rates between units within data centers and supercomputers. In
the area of sensing, VCSELs are largely used in consumer products such
as smart phones (e.g. face ID and camera auto focus), computer mice,
and automobiles (e.g. gesture recognition and LIDAR for autonomous
driving).

In this work, an advanced physics-based equivalent circuit model for
datacom VCSELs has been developed. The model lends itself to co-
design and co-optimization with driver and receiver ICs, thereby en-
abling higher data rate transceivers with bandwidth limited VCSELs
and photodiodes. The model also facilitates an understanding of how
each physical process within the VCSEL affects the VCSEL static and
dynamic performance. It has been applied to study the impact of carrier
transport and capture on VCSEL dynamics.

The work also includes micro-transfer-printing of GaAs-based single-
mode VCSELs on silicon nitride photonic integrated circuits (PICs).
Such PICs are increasingly used for e.g. compact and highly functional
bio-photonic sensors. Transfer printing of VCSELs enables the much-
needed on-PIC integration of power efficient light sources. The bottom-
emitting VCSELs are printed above grating couplers on the PIC and
optical feedback is used to control the polarization for efficient coupling
to the silicon nitride waveguide. Wavelength tuning, as required by the
bio-sensing application, is achieved by direct current modulation.

Keywords: Vertical-cavity surface-emitting laser, optical interconnects,
equivalent circuit, silicon photonics, light source integration, sensing.
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Chapter 1

Introduction

According to the Cisco VNI for 2017-2022 [1], in the year 2017, 1.5
zettabytes (ZB) of IP-traffic was transmitted over the Internet, with
projections of 4.8 ZB for 2022. To put this into a more everyday per-
spective, a zettabyte is a billion terabytes. Projections up to 2030 show
an even larger, exponential, growth of data transmitted globally, with
mobile data becoming increasingly more popular [2].

This increase is not only driven by the rise in number Internet users,
which is dominated by low income countries [3], but also by a general
demand for faster data transfer speeds [4] caused by higher definition
video streaming such as 4K and 8K video, cloud storage and computing
etc. More devices connected to the Internet is also a factor.

1.1 VCSELs for Optical Interconnects

Whether we are watching YouTube, sending a message through Face-
book, using Dropbox or hosting a website on Amazon’s AWS, something
has to process the information necessary for the users. This backbone of
the Internet is data centers. These are large facilities with areas of up to
hundreds of football fields. The currently largest data center [5] spans
an area of 140 FIFA recommended football fields, has 6 data halls, and
requires roughly the same electrical power, 150 MW, as is provided by a
small modular nuclear reactor [6].

In data centers, various computing, switching and storage units are
are stacked in racks, and in turn in rows/pods and interconnected us-
ing primarily fiber optical and copper cable connections. Copper cables
are mainly utilized for very short distances. Short reach optical links
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Chapter 1. Introduction

are known as optical interconnects (OIs). An optical interconnect con-
sists of an optical transmitter, an optical fiber, and an optical receiver.
Since the communication is bi-directional, transmitters and receivers are
combined in transceivers. On the transmit-side, a semiconductor laser
connected to an electric driver integrated circuit (IC) is used to generate
the optical signal. On the receive-side, a photodiode (PD) connected
to a transimpedance amplifier detects and amplifies the signal. OIs are
not only used in data centers, but also in high-performance computing
applications (also known as supercomputers). Of all the traffic inside a
data center, only 15% is sent back to the users, and 71% stays within the
data center, while the remaining 14% is sent between data centers [7],
meaning that the traffic load is heavily dominated by relatively short
datacom links.

As data centers transfer this tremendous amount of data, and since
optical networking consumes a substantial amount of power, the OIs
have to be, apart from reliable: cost-efficient, energy-efficient and ca-
pable of providing high-speed data transfer. This is the reason why a
semiconductor laser referred to as a vertical-cavity surface-emitting laser
(VCSEL) is employed for this purpose, capable of sub-pJ-order of energy
consumption per bit per laser at rates of tens of Gigabits per second [8].
These OIs are heavily dominated by multi-mode (MM) 850 nm wave-
length GaAs-based VCSELs for reaches below 300 m [9].

The transmitter part of an OI consists of a driver circuit, which
translates digital bits to an analog signal, which electrically drives the
VCSEL that converts it to intensity modulated light. The light from the
VCSEL is coupled into a MM-fiber, and sent to the receiver end of the
OI. Here a photodiode (PD) converts the incoming light into an electrical
signal, which is then amplified and converted back into digital bits.

Despite 850 nm GaAs VCSELs heavily dominating the datacom mar-
ket for shorter-reach OIs, high-speed VCSELs in the ranges of 1.3 µm and
1.55 µm for both data- and telecom also exist, and are predominantly
InP-based [10]. These can potentially be used in data centers for longer
reach links than GaAs-VCSELs, since at these wavelengths the optical
fiber has minimum chromatic dispersion and attenuation, respectively.

1.2 VCSELs for Sensing

Apart from communication applications, VCSELs are heavily employed
in sensing applications. As consumer products become increasingly more

2



1.3. Outline of This Thesis

functional, ranging from self-driving cars to smartwatches, they require
more sophisticated electronics and photonics. Sensors are important in
most products, and since VCSELs are energy-efficient and can provide
good beam characteristics due to their circular symmetry and techniques
for transverse mode and polarization control, they are heavily used in
optical sensing applications, where these features are key aspects [9].

Among the large volume applications areas of VCSEL sensors among
consumer products are smartphones. Several different types of VCSEL-
based sensors are present in a smartphone. For example, the proximity
sensor which measures the distance to your head, and turns off your
screen during phone calls [11]. Next, the camera auto focus in smart-
phones is typically VCSEL-based [11]. In Apple’s Face ID, a VCSEL
array is used together with a diffractive optical element to create a dot-
matrix on the user’s face [12].

Autonomous vehicles is a large upcoming market for sensing-VCSELs,
as the vehicles require a tremendous amount of sensors to scan the envi-
ronment, using among others LIDAR (”light-based RADAR”). These are
typically based on high power VCSEL arrays [13].

Finally, the application of VCSELs for biosensing should not go un-
mentioned, as this is the main aim of Paper D. Such applications can for
example involve sensors to detect concentrations of salts in sweat using
smartwatches.

1.3 Outline of This Thesis

This thesis is divided into 8 Chapters. The thesis introduction can be
found right above, here in Chapter 1. The thesis continues by introduc-
ing the basics of VCSELs in Chapter 2, and dives more into the dynamics
of the VCSEL in Chapter 3. Chapter 4 deals with modelling of VCSELs,
which is related to Papers A-C. Further, Chapter 5 provides an intro-
duction to integration of VCSELs on silicon-based photonic integrated
circuits (PICs), while Chapters 6 presents the fabrication of VCSELs for
such integration, both of which are related to Paper D. An outlook on
the topics are given in Chapter 7. The thesis is concluded in Chapter 8
with a summary of the appended papers. The appended papers can be
found in the back of the thesis, right after the references.
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Chapter 2

Vertical-Cavity
Surface-Emitting Lasers

2.1 Background and Basics

The fundamental physical process behind lasing is stimulated emission,
which was already in 1917 predicted by Albert Einstein [14]. The two
other radiative processes are the (stimulated) absorption and sponta-
neous emission processes. In the case of an atom, during absorption an
electron absorbs the energy from a photon which excites the electron
to a higher energy level, while spontaneous emission means an already
energy-excited electron relaxes spontaneously and emits a photon with
energy corresponding to the energy lost. The process behind lasers, stim-
ulated emission, occurs during the interaction of an energetically excited
medium and an incoming photon, and creates a copy of the photon,
with the same frequency, polarization and propagation direction, while
de-exciting. For a semiconductor material used in lasers, which does not
work based on discrete electron energy levels like in an atom but rather
on bands of states, a forward bias voltage is applied to a pn-junction.
This leads to free carrier injection and accumulation of excess electrons
in the conduction band and holes in the valence band which creates the
population inversion needed for net stimulated emission and optical gain.

The basic principle behind a laser involves several elements and pro-
cesses [15], all of which are important.

• Gain medium - A material that amplifies light through means of
stimulated emission
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

• Energy - To pump/invert the gain medium, usually electrically or
optically

• Optical feedback - Most commonly some type of mirrors, which
form an optical resonator

• Optical leakage - Some light must leak out of the resonator, other-
wise no useful light would be emitted

Some photons will be created by spontaneous emission, and the ones
with optimal properties such as wavelength and direction will repeat-
edly bounce between the mirrors, being copied multiple times with each
round-trip until a steady-state condition is reached where the gain bal-
ances the losses. Figure 2.1 shows a schematic of a simple mirror-based
laser design.

Energy

Gain material

Leaky mirror"Perfect" mirror

Laser beam Laser beam output

Figure 2.1: A schematic figure of a simple laser design, a pumped gain
medium in-between two mirrors, one of which is fully reflective
and one which leaks light.

In order to achieve lasing, the gain medium in a semiconductor laser
(e.g. VCSEL) has to be pumped to the threshold material gain, where
the gain and the resonator losses are equal. This threshold gain can be
expressed as

gth =
1

Γ
(αi + αm) =

1

Γ

(
αi +

1

2L
ln

(
1

R1R2

))
, (2.1)

where Γ is the confinement factor, a measure of the overlap of the optical
field and the gain region, L is the cavity length and αi and αm are the
internal and mirror losses, respectively.
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2.2. Some History

There is also a second condition for a laser to work properly, which
is the phase condition

exp

(
−j

2π

λ0
2Lneff

)
= 1, (2.2)

where neff is the effective refractive index of the cavity, and λ0 is the
lasing wavelength in vacuum. This expression is fulfilled when

λ0 =
2Lneff

m
, (2.3)

where m is a non-zero integer. This means that the condition is ”cyclic”
and there exists several wavelengths that are supported by the resonator,
these are the longitudinal modes [16]. However, most of them will be
unable to lase because they will fall outside of the gain spectrum of the
active region or the reflectivity spectrum of the mirrors. For a VCSEL,
typically only one longitudinal mode is supported, due to L being very
small.

2.2 Some History

While a laser is considered a device, the term originally stems from the
acronym ”light amplification by stimulated emission of radiation”, which
describes the physical principle of optical gain. The first demonstration
of a laser happened in year 1960, by Theodore Maiman, who used a
flash lamp to excite a ruby crystal [17]. Since this invention 62 years
ago, tremendous strides have taken place in this field. Lasers with the
size of a few nanometers such as the spaser [18], to lasers which are
larger than a football field and employed for fusion research have been
invented since [19]. Lasers also function based on gain technologies from
gases such as He-Ne [20] to electrical injection of semiconductor materials
[21,22], while crystal-based lasers such as the very popular Nd:YAG [23]
are also still employed.

The VCSEL was first proposed by Kenichi Iga in 1977 [24], and
demonstrated at the relatively low temperature of 77 K two years later,
in 1979 by Soda, Iga, Kitahara and Suematsu [25]. The very impor-
tant milestone of continuous-wave (CW) operation at room temperature
(RT), was first achieved in 1988 [26] and the details were later published
in 1989 [27]. Since then, VCSELs have become a dominating choice for
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

applications in optical interconnects [9] and various sensors, e.g. com-
puter mice [28], LIDARs (light detection and ranging, essentially an
optical radar) [29], smartphone camera auto focus [30] and face ID [12].

2.3 VCSEL Structure and Basic Concepts

The vertical-cavity surface-emitting laser (VCSEL) is a semiconductor
based laser which, as the name indicates, has its resonator aligned in
the vertical direction. The light is most commonly emitted through the
top mirror, however bottom-emitting VCSELs are also relatively com-
mon. As already stated in the introduction, this thesis concentrates on
GaAs-based 850 nm VCSELs, however, much of the knowledge presented
here can be transferred to conventional GaAs-based VCSELs with longer
wavelengths, up to around 1100 nm [31], and shorter wavelengths, down
to around 630 nm [32].

VCSELs consist of an undoped active region placed between two
higher bandgap distributed Bragg reflector-based (DBR) mirrors with
very high reflectivity. Usually the mirrors are p- and n-doped, and create
a pn-junction that is forward biased to achieve optical gain in the active
region through current injection. Electrical current injection is achieved
using p- and n-contacts and gold based contact pads for ease of probing.

(a) VCSEL (b) EEL

Circular beam Elliptical beam

Figure 2.2: Three dimensional side by side comparison of a VCSEL (a) and
an EEL (b).

Comparing the VCSEL to one of the most simple and common semi-
conductor laser types, the edge-emitting laser (EEL) (first prototype
demonstrated in 1962 [33]) also called Fabry Pérot-laser, or FP-laser for
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2.4. Mirrors and Resonator

short, highlights quite a few geometrical differences. Figure 2.2 shows
both lasers side by side. Contrary to the VCSEL’s vertical light out-
put, the EEL is emitting its light through its sides, and the resonator is
formed in the horizontal direction, which is typically created by cleaving
the material in a careful fashion. This means that the EEL cannot be
tested on wafer during fabrication, as the last step enables the lasing
through creation of the reflective facets. A VCSEL, however, can be
tested already during fabrication, on the wafer. This provides a distinct
fabrication advantage, and together with its small volume, VCSELs can
be fabricated in a high-yield and cost-efficient manner. Also, the VCSEL
has a circular beam while the EEL has, due to its asymmetric waveguide
design, an elliptical output beam, which makes lens coupling into fibers
more troublesome than with a circular one. However, due to its small
volume the VCSEL suffers from performance decrement due to thermal
effects at lower injection currents than the EEL.

Figure 2.3 shows a cross-section of a simple (low-speed) VCSEL, to-
gether with the standing optical wave in the vertical z-direction. The
details will be explained in the upcoming Sections.

Oxide layer
Active region

Undoped substrate

p-DBR

n-DBR

p-contact ring

n-contact

Contact pad

Silicon nitride

Contact pad

Optical field intensity

Active region
z-position

z

Figure 2.3: Cross-sectional schematic of a simple top emitting p-side up
VCSEL, with oxide confinement and intra-DBR n-contact, with
the standing optical wave supported by the vertical resonator
shown side-by-side.

2.4 Mirrors and Resonator

The mirrors of a VCSEL are referred to as distributed Bragg reflec-
tors (DBRs), which are quarter-wavelength thin slabs of either epitaxial
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

(GaAs-based) or dielectric materials of alternating high and low index
materials.

In the case of GaAs-based VCSELs, dielectric mirrors are some-
times used with half-VCSELs, where the dielectric DBR is added at a
later processing stage, and can be made of for example SiO2/TiO2 [34].
The epitaxial mirrors in GaAs VCSELs are almost exclusively made of
AlxGa1−xAs with the two different slabs having low and high aluminum
concentrations, for example 12% and 90% [35], and often with graded Al-
concentration transitions instead of sharp ones to easy carrier transport.
Apart from good electrical and thermal conductivity, an added benefit of
using this material system is the lattice compatibility with GaAs, as the
lattice constants of low- and high-aluminum AlxGa1−xAs are close [36].

The active region of a VCSEL is usually very thin (small gain per
round-trip), and thus the mirrors must be highly reflective (>99%) to
provide a high number of round-trips for the light. Because of relatively
low refractive index contrast in the AlGaAs-system, the number of slab
pairs in the DBRs is high, in the order of tens of pairs, typically around
20-30 [37]. Figure 2.4 shows an example of a top side power reflectivity
spectrum for a simple 850 nm VCSEL, which is pumped to transparency
meaning zero gain. While it is important to have a matching DBR with
quarter-wavelength thick slabs, the wavelength is primarily set by the
length of the cavity (distance between DBRs) and the closest DBR-pairs
as the optical wave interacts more with those than the outer DBR-pairs.

2.5 Active Region - Optical Gain and Sponta-
neous Emission

The VCSEL active region, placed in the cavity (between the DBRs), is
based on multiple quantum wells (QWs) in order to provide gain through
stimulated emission. For modern 850 nm GaAs VCSELs, QWs are typ-
ically composed of either GaAs or InGaAs, where InGaAs is used in
designs where a high modulation bandwidth is required, as this provides
a strained structure which increases differential gain [38]. For these high-
speed designs, predominantly 3 to 5 QWs are used, as adding more QWs
will lead to QWs that do not overlap with the optical wave well enough
to be considered beneficial. The thickness of the cavity is a half-integer
wavelength (1/2-λ, 1-λ, 3/2-λ etc.), but most commonly uses 1/2-λ or
3/2-λ thickness.

The QWs are located next to each other inside the higher bandgap
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Figure 2.4: Power reflectivity spectrum for a 850 nm VCSEL, pumped to
transparency.

separate confinement heterostructure (SCH), with AlGaAs barriers in-
between, which efficiently traps carriers and with sufficient electrical in-
jection provides high carrier densities. For an overview of this active
area, see Figure 2 in Paper A. The number of QWs needs to be chosen
keeping in mind that the overlap with the standing optical wave and
the combined material gain of the QWs are both relevant factors [39],
and that the differential gain (Section 3.1) is affected by the number and
thickness of the QWs since it depends on the carrier density [40]. The
QWs are typically a few nanometers thick.

The QWs do not only provide gain through stimulated emission, but
also emit light through spontaneous emission, a process first presented
by Dirac in 1927 [41]. The carriers bound inside the QWs can recom-
bine spontaneously and emit photons with a random direction, polar-
ization, and with a broader spectrum than in the case of stimulated
emission. However, there are also non-radiative spontaneous recombi-
nation processes. The total rate of all spontaneous recombination pro-
cesses is typically explained using three recombination coefficients, the
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Chapter 2. Vertical-Cavity Surface-Emitting Lasers

Shockley-Read-Hall-recombination coefficient A, the radiative recombi-
nation coefficient B and the Auger recombination coefficient C. The
recombination rate can be expressed as [42]

Rsp(N) = A ·N +B ·N2 + C ·N3, (2.4)

where N is the density of excess free carriers (holes and electrons), as-
suming an equal number of each excess carrier. The Shockley-Read-Hall
and Auger recombinations are both of the non-radiative type and are
related to defects and excess energy free carrier collisions [42], respec-
tively. The radiative recombination is as the name would suggest the
process which generates photons through spontaneous emission, and a
small portion of this light is coupled into the resonator modes, while
most is lost.

2.6 Electro-optical Confinement Methods

While the light inside the VCSEL is confined in the longitudinal (verti-
cal) direction by the DBRs, it must also be confined in the transverse
(horizontal x-y-plane) direction. Therefore, the processing of VCSELs
must take this into account. The same goes for the pumping. Modern
GaAs-based VCSELs are usually electrically injected in the vertical di-
rection, see Figure 2.3, between the p- and n-contacts. Optimally, all the
injected carriers should be confined to the transverse area of the active
region where the optical modes are present.

A few methods for doing this for GaAs VCSELs are shown in Figure
2.5. The simplest one is etching an air post around the top mesa [43].
While this is very simple, it is also largely inefficient due to lower ther-
mal conductivity from the surrounding air and large scattering losses
at the mesa-air interfaces. A method taking the etched air post a step
further is regrowth. Regrowing the surroundings with a semi-insulating
semiconductor minimizes the cons discussed for the etched air post ap-
proach. However, the regrowth processes is difficult to perform on the
AlGaAs-materials. Another issue with both these methods is the contact
ring geometry, which is hard to design and deposit without it interact-
ing with the beam and causing unwanted reflections and further losses.
Proton implantation is another method to provide confinement [44], as
the implanted protons confine the current very well in the transverse
direction. However, proton implantation does not provide any optical
confinement as it does not affect the refractive index to enough extent.
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2.6. Electro-optical Confinement Methods

This makes the optical beam characteristics entirely dependent on effects
such as contact ring geometry, spatial hole burning, and also thermal
lensing [45]. The implantation is done by accelerating and physically
pushing protons inside the material, which increases the resistivity. Nei-
ther of these techniques are used in Papers A–D appended in this thesis.

The last type of confinement shown in Figure 2.5 is using selective
oxidation [46], which forms an oxide aperture in the VCSEL. This is
done by oxidizing high-aluminum AlGaAs (Papers A–D: Al0.98Ga0.02As)
using hot water vapour at high temperature (420◦C in our cleanroom
setup). This step is done after etching of the top mesa. The layer is
electrically isolating, thus it confines the current to the aperture. The
oxidized part of the layer has a lower refractive index, and can thus guide
light. The optical guiding and confinement is affected by the size of the
oxide aperture as this plays a major role for the number of modes capable
of lasing. The thickness and vertical placement of the oxide layer(s) is
important because of the overlap with the optical field, placing it at a
field maxima will make the oxide layer guide the modes more strongly
but also introduces more scattering losses, and vice versa [47].

Etched air post Regrowth

Proton implantation Oxidzed layer

Figure 2.5: Various methods for confining the injection current and the opti-
cal modes in the transverse direction inside a VCSEL.
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2.7 Thermal Properties

The gain spectrum red-shifts with temperature, this rate is dependent on
several factors, among which the most important ones are QW compo-
sition and thickness. The rate at which the gain peak shifts is 0.32-0.33
nm/K [48]. However, the gain spectrum does not set the resonance wave-
length. As mentioned earlier, this is done by the VCSEL cavity, which
is mainly controlled by the effective optical thickness of the cavity, but
the thicknesses of the DBR-layers have to match this in order to pro-
vide sufficient reflectivity at the resonance wavelength. Mainly due to
resistive Joule heating under current injection, the materials from which
the VCSEL is made of heat up, and the effective optical length of the
cavity changes due to the temperature dependence of the refractive in-
dices. Thermal expansion also plays a role, but is a rather negligible
effect in comparison to the refractive index variations. The change of
the optical length of the cavity with temperature therefore red-shifts the
resonance wavelength, at a rate of roughly 0.06-0.09 nm/K [49], depend-
ing on VCSEL composition.

Figure 2.6 shows the principle of the shift of the resonance wavelength
and the gain spectrum with temperature, one can see that the modal
gain will vary with temperature based on the overlap of the resonance
wavelength and the gain spectrum, which changes with temperature. At
RT, the difference in wavelength between the resonance wavelength and
the peak of the gain spectrum is commonly referred to as ”detuning”.

G
ai
n

Wavelength

Resonance wavelength

Gain spectrum
Detuning

RT

Increasing ambient temperature

Figure 2.6: Schematic illustrating how gain spectrum and resonance wave-
length overlap changes with temperature.
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2.8. Modal, Spectral and Polarization Characteristics

2.8 Modal, Spectral and Polarization Character-
istics

While VCSELs only support a single longitudinal mode (within the gain
spectrum) that fulfills Equation 2.3, the geometry of the device may
allow for several transverse modes (lateral direction), depending mostly
on the diameter of the optical confinement. VCSELs with a smaller
confinement diameter will have fewer modes than the ones with larger
confinement diameter (e.g. oxide aperture).

The transverse modes that can resonate in the VCSEL are solu-
tions to the Helmholtz wave equation in the VCSEL resonator. In a
circular-symmetric geometry such as this, these modes are referred to
as Laguerre-Gaussian modes [50], which is a special case of the Ince-
Gaussian modes which can exist in elliptical geometries [51]. The modes
are commonly named LP modes, which stands for linearly polarized
modes, and is not only used in the context of VCSELs but all radially
symmetric devices, including optical fibers. Figure 2.7 shows a cross-
sectional representation (in the x-y-plane) of the LP mode intensities,
where the fundamental Gaussian mode is denoted LP01 and the higher
order modes LPlm where l and m are positive integers. The complex
amplitude at the waist (z = 0) of these modes can be described as [16]

Ulm(r, ϕ) = Alm

(
r

ω0

)l

Ll
(m−1)

(
2r2

ω2
0

)
exp

(
r2

ω2
0

)
exp (−jlϕ). (2.5)

Here, l is the number of the generalized Laguerre polynomial function
Ll
(m−1) and (m − 1) the order of that polynomial. Further, r and ϕ

denote the radius and azimuthal angle, and ω0 the 1/e2 radius, while
Alm is the amplitude factor. The presence of the phase factor exp (−jlϕ)
in Equation 2.5 means that the intensity profiles of the modes with l > 0
(any modes with an azimuthal dependence) will have two 90◦ relatively
rotated states.

The most confined mode, the fundamental Gaussian mode, experi-
ences the highest effective refractive index, since it has least interaction
with the surrounding lower refractive index guide of all the modes, and
has therefore the longest wavelength, since the optical path is determined
by multiplying the physical path with the effective refractive index. With
higher mode order, the wavelength decreases. Figure 2.8 shows a spectral
measurement of two different VCSELs, where the upper two Subfigures
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Figure 2.7: Intensity of different LPlm modes that can potentially resonate
inside a VCSEL [52].

in red are for a single-mode (SM) VCSEL and the lower two in purple
for a multi-mode (MM) VCSEL. For each Subfigure, the bias current is
also indicated, showing for both cases how the modes move because of
current-induced heating, by refractive index change in the cavity, but
also for the MM case how the modal characteristics can change with
current. This leads to a very distinct spectral width increment for a MM
VCSEL compared to a SM VCSEL. The current-induced wavelength red-
shift can be taken advantage of and used for wavelength-tuning, as done
in Paper D.

The transverse modes also have polarization states, each mode with
two orthogonal polarization states denoted TE and TM. TE stands for
transverse electric and TM stands for transverse magnetic. In a TE-
polarization state the electric field of the electromagnetic wave oscillates
in a direction orthogonal to the direction of propagation, whereas the
TM-polarization has its magnetic field in a direction orthogonal to the
direction of propagation [16]. This effectively means that all modes with
l = 0 have two states with orthogonal polarization, and all of the modes
with l > 0 have four states (two rotational states, each with two polar-
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Figure 2.8: Spectra for SM VCSEL (upper two Subfigures, red) and MM
VCSEL (lower two Subfigures, purple), for various bias currents.

ization states).

2.9 VCSEL Static Measurements and Performance

2.9.1 Measurement Setups

There are several important static performance measures of a VCSEL.
The most basic measurement is the IPV, also called LIV, where I stands
for current, P for (optical) power, V for voltage and L for light (light
= optical power). This measurement is performed by sweeping the bias
current of the VCSEL and for each current measuring the voltage applied
to the VCSEL and the optical output power. The voltage is typically
measured using a voltage meter. Measuring the optical power is slightly
more tricky, and there is a wide array of options for doing this. The
easiest one is catching the light using a large area photodiode (PD) and
measuring the generated photocurrent, usually through a load resistor
and voltage meter. Another, more accurate, method of measuring the
optical power from the VCSEL is using an integrating sphere. An inte-
grating sphere [53] uses a detector specially calibrated for it, and makes
use of highly reflective surfaces inside it, that scatter light in all direc-

17



Chapter 2. Vertical-Cavity Surface-Emitting Lasers

tions, creating an almost isotropic light profile inside, for which a non-line
of sight detector inside is calibrated. This method is an indirect light
measurement, but typically a more accurate one than simply using a PD,
as the PD might either not catch all light due to beam divergence or not
accept all light due to reflections.

The ambient temperature of the VCSEL is controlled using a Peltier
element connected to a metal chuck upon which the VCSEL-chip is
placed, and a temperature controller.

Measuring the VCSEL optical spectrum is another, this is typically
done using an optical spectrum analyzer (OSA). The light from the
VCSEL has to be coupled into a fiber, which connects to the OSA.
The OSA sweeps the wavelength using a narrow filter (<<1 nm) and
measures the power at each point, see Figure 2.8 for an example. The
coupling to the fiber can be done in a couple of different ways. The sim-
plest is to cleave the fiber and hover it over the output of the VCSEL.
The fiber can also be lensed. Another option is to combine a fiber with
an anti-reflection (AR)-coated lens system to maximize coupling and
minimize optical feedback by tilting the fiber.

2.9.2 Performance Measures

Figure 2.9 shows an IPV measurement with a few important performance
measures marked:

• Threshold current: A low threshold current typically implicates a
resonator with low losses, and vice versa. But low losses can be a
drawback, since this means that the total losses are low, including
the mirror losses, which means that there is little light coupled out
and the output power and slope efficiency are low.

• Slope efficiency: Measured in Watts per Ampere, and relates the
increase of output power to the increase of input current above
threshold.

• Roll-over: The roll-over (current) is typically indicative of the ther-
mal characteristics of the laser. A lower roll-over current means
more heat is generated and/or not dissipated away from the VCSEL
quickly enough (high thermal impedance).

• Differential resistance: Measured in Ohms (or Volts per Ampere),
is the slope of the IV-curve, but is non-linear so the VCSEL’s
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differential resistance changes with current. Essentially the lower
the better, since this means less heat generation.

Threshold current

Slope
efficiency

Roll-over current

Differential resistance

ΔI
ΔP

ΔI
ΔV

Figure 2.9: IPV plot with some important performance measures marked.

A sometimes important performance measure of the spectral mea-
surement is the side mode suppression ratio (SMSR), which determines
whether a VCSEL is single-mode or multi-mode (or quasi-single-mode).
There is no strict definition of single-mode operation, but typically 30-40
dB suppression of higher order transverse modes is required, depending
on application.

Another spectral performance measure is the root-mean-square (RMS)
spectral width. This is a measure employed for MM VCSELs, due to
broadening of the spectrum caused by the fact that different transverse
modes lase at slightly different wavelengths (see Figure 2.8). The RMS
spectral width is defined as [54]
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∆λRMS =

√√√√
n∑

i=1

Pi

Ptot
(λi − λmean)

2, where λmean =

n∑

i=1

Pi

Ptot
λi,

(2.6)
where Pi and λi are the power and wavelength at point i in the measured
spectrum, Ptot is the total power and λmean is the average wavelength
of the measurement. For SM VCSELs however, the term linewidth is
more commonly used, as only a single mode is present and is often char-
acterized using the metric full-width at half-maximum (FWHM), which
is the width of the peak at the point of intensity where it is half of the
maximum intensity.
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Chapter 3

VCSEL Dynamics

We have already established that VCSELs are a key component in OIs.
The VCSEL is intensity modulated using current or voltage based drivers.
In datacom, on-off keying (OOK) and 4-level pulse-amplitude-modulation
(PAM4) are commonly used [55,56], but higher order modulation formats
are also considered. This means that the VCSEL is switched between
different intensity states, which are decoded into ones and zeros.

Since high data rates are used in combination with direct modulation,
VCSELs used in these applications must have a high bandwidth and a
proper frequency response, otherwise overshoot- and ringing effects as
well as slow rise- and fall-times might increase the bit-error-ratio (BER)
[57].

3.1 Intrinsic Response

The dynamics at play inside VCSELs, and semiconductor lasers in gen-
eral, can be described by a set of rate equations, which take into account
the processes behind and interactions between injected free carriers and
photons in the cavity. Generally for a multi-mode laser, one would
need to describe each mode separately with rate equations. However,
for oxide-confined VCSELs with strong guiding and highly overlapping
modes, it has been shown that a single set of rate equations is ade-
quate for a first-order analysis of the intrinsic dynamics [58], as for a SM
VCSEL. The rate equations can be written as follows [42]:

dN

dt
=

ηiI

qVa
−
(
AN +BN2 + CN3

)
− υgGS, (3.1)
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dS

dt
= ΓυgGS − S

τp
+ ΓβBN2. (3.2)

In these Equations, N and S are the excess carrier density in the active
region and photon density in the cavity. ηi is the internal quantum
efficiency, I the bias current, q the elementary charge, Va the volume of
the QWs, the A, B and C coefficients are the same as in Equation 2.4,
υg is the group velocity, G the material gain, Γ the confinement factor,
τp the photon lifetime and β the fraction of the spontaneous emission
coupled into the lasing mode.

Another effect that is not written out in the Equations above is the
gain compression, which represents the reduction of optical gain at high
photon densities. This can be accounted for by expressing the gain as

G =
G0

1 + εS
, (3.3)

where G0 is the unsaturated gain and ε is the gain compression factor.
The intrinsic dynamic performance of a VCSEL can be characterized

in several aspects using a small-signal analysis. In order to do this theo-
retically, Equations 3.1 and 3.2 are perturbed using a first order Taylor
expansion. After solving for the small-signal frequency response, we end
up with a second order system and the transfer function for the intrinsic
response [42]

Hint(f) = ηd
hc

λ0q
· f2

r

f2
r − f2 + jγ

f

2π

. (3.4)

In this Equation, 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 fr
can be approximated as

fr ≈
1

2π

√
υgg0S

τp (1 + εS)
, (3.5)

where g0 is the nominal differential gain dG0/dN . In order to push the
resonance frequency higher, and thus potentially increase the bandwidth
of the VCSEL, one can from the above expression deduce that a high
differential gain, high photon density and a short photon lifetime are
beneficial for this purpose. However, a higher photon density does not
in an unlimited fashion equate to a higher modulation bandwidth, as
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e.g. damping, thermal and parasitic effects also affect the response.
Figure 3.1 shows how the response can qualitatively change with photon
density, and also that a higher photon density does not provide a higher
bandwidth beyond a certain point because of increased damping.
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Figure 3.1: Intrinsic modulation response (20 log10 (|Htot(f)/Htot(0)|)) for a
VCSEL with γ0 = 10ns−1, fp = 50 GHz, K = 0.2 ns, with a
S sweep (photon density). The dashed line indicates the −3 dB
response, at which the intersection with the S21-curves indicate
the modulation bandwidth of the VCSEL.

The expression for the damping factor can be written as

γ = Kf2
r + γ0, (3.6)

where γ0 is the damping offset and K the K-factor written as

K = 4π2

(
τp +

εχ

υgg0

)
, (3.7)

where χ is referred to as the transport factor, defined as χ = 1 +
(τcap/τesc) where τcap is the time it takes for the free carriers to be
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transported across the SCH and captured into the QWs, and τesc the
escape time of the carriers from the QWs into the SCH [59], which is a
main topic of Paper C.

The magnitude of the K-factor plays a substantial role in the damp-
ing of the VCSEL response, as seen in Figure 3.2, which shows the intrin-
sic modulation response of the VCSEL for several values of K, a higher
K contributes to a more damped response. It is worth nothing that K
is mainly controlled by τp.

Further, the increase of the resonance frequency with current, which
is mentioned above, is quantified using the D-factor
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Figure 3.2: Intrinsic modulation response (20 log10 (|Htot(f)/Htot(0)|)) for a
VCSEL with γ0 = 10ns−1, fp = 50 GHz, with a K-factor sweep.
The dashed line indicates the −3 dB response, at which the inter-
section with the S21-curves indicate the modulation bandwidth
of the VCSEL.

fr = D ·
√
I − Ith, where D =

1

2π

√
ηiΓυg
qVa

· g0
χ
, (3.8)

where I is the injected current and Ith is the threshold current. From
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this Equation we see that increasing the rate at which the resonance fre-
quency increases with current requires a high confinement factor, high
differential gain and low transport factor (free carriers need to be cap-
tured much faster than they escape).

An interesting aspect of trying to maximize the bandwidth by push-
ing the resonance frequency higher is that this process is limited by
damping. Since fr ∝

√
S and γ ∝ S, the VCSEL will with an in-

creasing photon density at some point become more damped than the
resonance frequency can compensate for and the modulation bandwidth
will drop with increasing photon density beyond that point. The maxi-
mum damping-limited bandwidth in absence of thermal effects and par-
asitics can be approximated by (under the assumption that γ0 can be
neglected) [60]

fmax
3dB ≈ 2

√
2π

K
. (3.9)

3.2 High-Speed VCSELs

3.2.1 Design

While VCSELs inherently have a relatively high modulation bandwidth,
many tricks can be used to mitigate effects that negatively impact the
high-speed performance. The high-speed VCSEL differs from the simple
VCSEL presented in Figure 2.3 in several aspects. A schematic high-
speed VCSEL cross-section can be seen in Figure 3.3. First, the most
apparent difference is the benzocyclobutene (BCB). This is a high-κ
dielectric used for the purpose of lowering the pad parasitics (mainly
capacitance). Secondly, the n-contact layer is etched away below the
pad, in order to further reduce pad capacitance.

Another visible improvement in Figure 3.3 is the reduction of mesa
(mainly oxide) capacitance, by employing a more complex oxide layer
structure beyond a single layer. In our high-speed designs, two 98%-
AlGaAs layers are used in order to form the oxide aperture for electro-
optical confinement, and four 96%-AlGaAs layers in order to form sec-
ondary oxide apertures to further reduce the mesa capacitance [61].

The active region design is another important aspect of the high-
speed VCSEL design. In order to provide a high resonance frequency to
push the modulation bandwidth even for lower current densities as high
as possible without having an under-damped VCSEL, a high D-factor
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n-contact

Contact pad

BCB

Figure 3.3: Cross-sectional schematic of a high-speed top emitting p-side up
VCSEL, with 2+4 oxide layers/apertures.

is needed, which according to Equation 3.8 means a high differential
gain, strong optical confinement and a low transport factor. In modern
high-speed VCSELs this is commonly achieved using strained QWs [62].
In GaAs VCSELs, InxGa(1−x)As QWs with an indium-content of a few
percent with AlxGa(1−x)As barriers can be used to achieve compressively
strained QWs. This method, however, also affects the bandgap, and
with increasing In-content the gain spectrum red-shifts. That is why
more strained InGaAs/AlGaAs QWs are more easily achievable at longer
wavelengths where the more strained QWs can provide higher differential
gain at the target wavelength and therefore good performance in high-
speed data transmission [63].

The main heat sources of VCSELs is resistive heating, internal op-
tical absorption and carrier leakage effects [64]. Reduction of the ther-
mal effects is important in high-speed VCSELs. Apart from the ob-
vious solution of heatsinking the VCSEL itself, processing to achieve
better heat conductivity through techniques such as electroplating mesa
sidewalls with metal [65] or substrate removal and replacement by an
electroplated metal substrate [66] have been employed. However, ex-
cessive metallization can introduce unwanted capacitance and lead to
modulation bandwidth decrement. Further, the thermal conductivity
of the AlGaAs-system is also relevant, as binary GaAs and AlAs have
much higher thermal conductivities than AlGaAs with Al-concentrations
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in-between [67]. Meaning that AlGaAs-DBRs with high and low Al-
concentrations are beneficial for this purpose. However, GaAs is not
transparent at a wavelength of 850 nm, AlAs can cause processing prob-
lems through unintentional oxidation, and low Al-content AlGaAs may
cause band-to-band absorption at high temperatures, which means that
trade-offs are necessary.

To lower the resistance of the DBRs, modulation doping and graded
composition interfaces are used to ease carrier transport across the poten-
tial barriers. Proper modulation doping also minimizes free carrier ab-
sorption. Carrier leakage effects can be mitigated using proper transverse
current confinement, and in the longitudinal direction by deeper QWs.

3.2.2 Parasitics

VCSELs, like other semiconductor lasers operating at high frequencies
suffer from parasitic effects such as abundant capacitance, inductance
and resistance. This can be modelled more or less accurately. Paper
A presents a more comprehensive approach to modelling VCSEL para-
sitics. Therefore, to highlight the effects of parasitics on the VCSEL
modulation response a more simple model is presented below.

Figure 3.4 shows a simple small-signal equivalent input impedance
circuit that can be used to model a VCSEL’s parasitic behaviour, similar
to the work presented in [68]. This features a capacitor between the
pad and lower parts of the VCSEL structure (depending on geometry
and epitaxial structure), a capacitor to model the oxide and junction
capacitances, simplified by using a single capacitor as these are mostly
parallel. Finally, resistors to model the resistances of the DBRs (one
lumped component approximating both DBRs) and the active region
(junction). In such a model, the current flowing through the junction
Rj-resistor would be the current generating excess carriers in the active
region.

Because not all the current flows through Rj at high frequencies
(partly shunted through Cm and Cp), the signal is RC-low-pass filtered,
which can be modelled using a single-pole transfer function (if Cp can
be neglected)

Hpar(f) =
1

1 + j
f

fp

, (3.10)

where fp is the cut-off frequency representing the effects of parasitics.
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Figure 3.4: A simple small-signal input impedance circuit for a VCSEL.

More advanced input impedance models such as the one presented in
Paper A might have different responses and not necessarily being a single-
pole parasitic transfer function. Combining the simple parasitic transfer
function with the intrinsic transfer function presented in Equation 3.4
yields a more accurate description of the total VCSEL transfer function:

Htot(f) = Hint(f) ·Hpar(f) = ηd
hc

λ0q
· f2

r

f2
r − f2 + jγ

f

2π

· 1

1 + j
f

fp

. (3.11)

3.2.3 Large-Signal Performance

There are several considerations regarding VCSEL large-signal perfor-
mance in high-speed data links. The end goal of achieving a low BER
is dependent on a large number of factors, including the D-factor, K-
factor, ambient temperature, VCSEL bias point, and in longer links the
fiber. Other aspects to consider are the modulation format and driving
signal shaping and pre-emphasis [69]. The receiver side is also important
both in terms of frequency response, which can be mitigated through
equalization, and in terms of forward-error-correction (FEC), two digital
signal processing (DSP) techniques [69].

Both under- and overdamping of the VCSEL will diminish the per-
formance by effects such as overshoot and ringing or slow rise/fall times
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and low modulation bandwidth, see Figure 3.2 for examples of such fre-
quency responses. This means that the frequency response of the VCSEL
has to be properly adjusted for high-speed datacom applications, which
can be done by adjusting the K-factor.

In practice, the optimal settings for bias point and driving signal at
various temperatures have to be found experimentally, through system-
atic optimization with e.g. BER-experiments. However, efforts are being
made, such as in Papers A–C in this thesis and other similar works, to
fully model datacom VCSELs and thus ease the efforts of finding optimal
VCSEL designs and settings for driving them.

3.2.4 Carrier Dynamics and Limitations

Paper C explores through simulations the impact of carrier transport
and capture physics, but it is important, even in this introduction, to
highlight the potential impact of carrier dynamics on the performance of
high-speed VCSELs.

Starting during the 1990s, several studies have been conducted to
investigate carrier transport, carrier capture and carrier leakage effects
in QW lasers. Long time constants associated with carrier transport
effects in the SCH, and carrier capture by the QWs can be associated
with reduced bandwidth by a parasitic-like low frequency roll-off [70].
This causes longer effective capture times to be generally unfavourable
for high-speed modulation applications, e.g. in datacom. The effective
capture time is defined as

τcap,eff = τcap,int + τtransport, (3.12)

where τcap,int is the intrinsic QW capture time and τtransport the trans-
port time in the SCH. Finally, it should be stated that in order to be able
to account for transport effects, the rate equations presented in Equa-
tions 3.1 and 3.2 would need to be expanded with another rate equation
that accounts for accumulation of carriers in the continuum of the SCH,
as is done in Papers A–C.

3.2.5 Thermal Limitations

Thermal effects in high-speed VCSELs can not be neglected, as the
VCSEL is a relatively high-resistance laser biased at currents far beyond
threshold. This causes current-induced heating due to various effects
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such as Joule heating, non-radiative recombination described in Equa-
tion 2.4, carrier thermalization and internal absorption. The D-factor
decrement with increasing temperature (due to reduced g0 and ηi), which
can limit the resonance frequency increment rate before the bandwidth
becomes thermally limited, can to some extent be mitigated. By chang-
ing the detuning and engineering the gain spectrum of the VCSEL, it
can be made to have a lower threshold current at a higher tempera-
ture, thus increasing g0 due to less electrical injection required to reach
threshold. The higher g0 at higher temperatures, however, comes at
the cost of degraded low-temperature performance. This engineering is
limited by next to unavoidable carrier leakage effects at high temper-
ature which will lower ηi. Further, the D-factor and by extension the
modulation bandwidth can be increased by operating the VCSEL on the
short-wavelength side of the gain peak, as g0 is higher there [71]. By
evaluating the VCSEL transfer function with γ = 0, we find that the
thermally limited bandwidth (in the absence of damping limitations and
parasitics) is

f thermal
3dB =

√
1 +

√
2 · fr,max ≈ 1.55fr,max, (3.13)

where fr,max is the maximum achievable resonance frequency.
The K-factor, as opposed to the D-factor is less temperature sensi-

tive. As internal absorption increases with temperature due to increased
free carrier absorption [72], the photon lifetime τp shortens [73], and look-
ing at Equation 3.7 one can note that this can to some extent compensate
for the lower differential gain associated with the increased temperature,
which is also shown in [73].

3.3 Noise

There are several types of noise present in lasers, some more and less
important to consider, entirely depending on laser type and application.
Phase noise is a type of noise stemming from the random phase of spon-
taneous emission photons coupled into the lasing mode. This noise type
is the main origin of the linewidth of single mode lasers. Hence, phase
noise is often the limiting type of noise in applications requiring coher-
ence or spectral purity [74]. However, for datacom applications, phase
noise can usually be neglected since MM VCSELs are commonly used.

For datacom applications the limiting type of noise is intensity noise,
which is quantified by comparing the noise power to the laser CW power,
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from which the term relative intensity noise (RIN) stems, an important
aspect of Paper B. While the main source of this noise can be approxi-
mated using spontaneous emission models [75], it can also, as in Paper
B, be treated as a noise created by temporal uncertainty of the pro-
cesses which take place inside the VCSEL, such as transport, trapping,
annihilation or escape of carriers and absorption, generation and loss
of photons [76]. Intensity noise essentially degrades the signal-to-noise-
ratio (SNR) in direct-detection systems by adding unwanted intensity
fluctuations that ultimately reduce the BER by introducing errors when
decoding the signal.

When measuring intensity noise, other sources of noise than just
the laser RIN have to be taken into account. One being shot noise,
which is caused by the temporal randomness of photons arriving at the
detector [77]. The system also has thermal noise, caused by the active
components (e.g. amplifier) and non-zero Kelvin temperature resistors.
Both of these have to be accounted for when measuring the laser RIN.

3.4 Measurement Setups

All of the small-signal, large-signal and RIN measurements setups in-
clude a few elements. In all of them, the VCSEL is placed on a Peltier
element, which is temperature controlled. The beam is picked up using
a fiber, which technically can be a cleaved fiber or lensed fiber, how-
ever we use an AR-coated lens-package to couple the beam into the fiber
(typically OM4) with an APC-type connector. A variable optical atten-
uator (VOA) is optional unless BER-measurements are performed or the
PD is power limited. The PD is also bias-monitored, which allows for
the generated DC (direct current) photocurrent to be measured, which
is of importance when measuring laser RIN. Apart from these common
elements, the three measurement setups are explained in the upcoming
Sections.

3.4.1 Small-Signal Measurement Setup

See Figure 3.5 for a block diagram of the measurement setup. The small-
signal measurement measures the frequency response of the VCSEL. The
signal is supplied to the VCSEL from a port (1) on the vector network
analyzer (VNA), through a bias-T, where it is combined with a DC
bias current. The bias-T is built-in in some VNAs. The PD signal is
fed back to a different port (2) on the VNA. The VNA performs the
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characterization by supplying a small magnitude sine signal, in order to
operate the VCSEL under small-signal conditions, which is frequency-
swept and the VNA measure how much of it arrives at the second port for
an S21-measurement. The probe and PD responses have to be taken into
account when calculating the final S21 response. An S21 measurement
captures the full response of the VCSEL, including parasitic effects. For
an S11 measurement, only one port is required, as this is a measure of
the voltage that is reflected back. The calibration used for the reflection
measurement is of the short-open-load type, where a calibration chip
compatible with the probe is probed at different points in order to show
the VNA how the response looks when probing an electrically shorted
structure, open structure and a (often) 50 Ω load.

Fiber
Laser beam Laser beam

Bias-T

VOAProbed
VCSEL

Lens
package

VNA

PhotodetectorBias
monitor

DC bias

Peltier
element

Figure 3.5: Block diagram of a system used to measure the VCSEL small-
signal response.

3.4.2 Large-Signal Measurement Setup

See Figure 3.6 for a block diagram of the measurement setup. The
VCSEL is driven with a signal generated by a bit pattern generator
(BPG), which passes through a bias-T to be combined with a bias cur-
rent. The PD is connected to an amplifier in order to amplify the signal
before electrical detection. In the block diagram, two paths are indicated,
path A for eye diagram capture and path B for BER measurements. For
the eye diagram measurements, the signal is fed to an oscilloscope, which
records the signal and displays it in the form of eyes by superimposing
data steams (see Papers A–C for examples). For the BER measurements,
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the amplified signal is recorded by an error analyzer (EA) and compared
to the output of the BPG in order to evaluate the BER. For both mea-
surement types, a clock is required to set the rate and synchronize the
oscilloscope, BPG and EA. If needed, when the signal exits the BPG, it
can also be amplified. An arbitrary wave generator (AWG) can be used
to generate the signal instead of a BPG. The PD and amplifier can be
substituted by a photoreceiver.

Clock

B

B

A

A

AmplifierError
analyzer

Amplifier
(optional)

Fiber
Laser beam Laser beam

Bias-T

VOAProbed
VCSEL

Lens
package

OscilloscopeBit pattern
generator

PhotodetectorBias
monitor

DC bias

Peltier
element

Figure 3.6: Block diagram of a system used to measure the VCSEL large-
signal characteristics, path A for eye diagram measurements and
path B for BER measurements.

3.4.3 Relative Intensity Noise Measurement Setup

See Figure 3.7 for a block diagram of the measurement setup. The
VCSEL is fed a DC current, and the signal detected at the PD is fed
to an amplifier, from which the output is characterized by an electrical
spectrum analyzer (ESA). The noise properties of VCSELs are sensitive
to optical feedback and great care has to be applied in order to avoid
feedback effects. As mentioned in Section 3.3, both shot noise and ther-
mal noise have to be subtracted when calculating the RIN of the VCSEL,
as the ESA will inevitably record all three of those.
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Figure 3.7: Block diagram of a system used to measure the VCSEL RIN.
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Chapter 4

VCSEL Modelling

4.1 Overview

More advanced VCSEL modelling for large-signal simulations started
back in the 90s, as an extension of the previous QW-laser modelling
work, with the most prominent models published by P.V. Mena [78,79].

While analytical methods may be sufficient for more simple analysis
of VCSELs, and lasers in general, numerical methods are required to
properly describe the large-signal modulation response, as many inter-
linked effects have to be taken into account and the equations need to
be propagated in time.

The modelling itself is motivated by optimization of the electronic IC
driving the VCSEL, and also full-system simulations and optimization,
as all components have to work together. During recent years, when
bandwidths of both the VCSELs and PDs have stagnated around 30
GHz, it has become increasingly important to co-optimize the VCSEL
with the rest of the link.

4.2 Previous Work

This Section provides a few examples of earlier VCSEL-modelling work,
mainly focused on the large-signal domain. This can be found in refer-
ences [78–92]. All of these are rate equation based circuit-level imple-
mentations, with the exception of [84,85], which are based on a numerical
behavioural model. Below follows comments on some of the works and
their applications.

As mentioned earlier, in [78], P.V. Mena presented one of the first
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comprehensive VCSEL models with improvements in [79]. This is a
circuit-level model implemented in a SPICE-like simulator, based on
rate equations and takes into account both thermal and spatial effects,
which is an improvement from the earlier QW-laser models.

In [80], a model similar to Mena’s is presented, however with small
modifications to aid convergence for the circuit-level implementation.
Further, a Volterra series-based model was presented in [80], and com-
pared to a neural network implementation, both of which have the po-
tential to be more suited for system-level simulations than circuit-level
models, perhaps with the exception of driver optimization.

The model presented in [81] is quite similar to Paper A, also account-
ing for carrier transport effects. However, it uses a slightly different input
impedance circuit, a passive one instead of a voltage source represent-
ing the voltage drop over the active region as was done in Paper A.
It also uses a more simple noise implementation than Paper B. An ex-
tended version of [81] was used in [82], for optimizing launch conditions
into an optical fiber. Further, in [83] it was also used for increasing the
bandwidth-distance product in a datacom link.

In [90], an investigation into the effects of parasitics on VCSELs
under multi-level modulation is presented. In [91], the model is used to
present an extensive framework for optimizing driver circuitry.

4.3 VCSEL Model Building Blocks

As seen in the previous Section, there exist several approaches to model
VCSELs. However, apart from implementations such as neural networks
or Volterra series, VCSEL models are typically based on either numer-
ical or circuit-level rate equation implementations. These often contain
certain building blocks, which account for different behavioural aspects
of the VCSEL.

Undoubtedly, the most fundamental building blocks of the VCSEL
are accounting for carriers and photons, and their interaction. The model
needs to keep accurate track of carriers in the QWs, and photons in the
resonator, as this is important for calculating the rates of stimulated and
spontaneous emission and the output power.

Further, adding thermally dependent parameters and keeping track
of current-induced self heating is important, as VCSELs experience a
large amount of self-heating due to relatively high current densities and
resistance.
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Parasitics in the form of resistances are important to provide the
current-voltage relation, however, capacitive and inductive effects are
important for high-speed application models in order to filter the drive
signal and provide the corresponding input impedance.

For high-speed applications, it is also beneficial to introduce a sec-
ond carrier reservoir for the carriers in the SCH continuum states, as
this allows for, as explored in Paper C and mentioned in Section 3.2.4,
introduction of a realistic parasitic-like frequency roll-off which stems
from the delay related to carrier transport and QW capture effects.
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Chapter 5

VCSELs on Silicon Nitride
Photonic Integrated Circuits

The sub-field of photonics dedicated to light generation, transmission,
manipulation and detection on silicon is referred to as silicon photonics
(SiP or SiPh). This is achieved using photonic integrated circuits (PICs)
on e.g. silicon-on-insulator- (SOI) or silicon nitride-based (SiN, SiNx
or sometimes Si3N4) waveguide (WG) systems/platforms, which can be
realized on CMOS-compatible wafers. CMOS stands for complementary
metal-oxide-semiconductor, which is the main technique for fabrication
of integrated electronic circuits, and therefore also an extremely mature
technology. This is highly beneficial as SiP PICs can then be produced
at a low cost at high volumes in CMOS fabs.

However, silicon has an indirect bandgap, and therefore efficient light
generation is not possible. Although some progress with direct bandgap
hexagonal SiGe-structures was recently reported [93], constituting a step
towards V-material-system (e.g. Si, Ge) lasers, such light sources will
likely not be available for large scale integration in the near future.
Therefore, efforts have been focused on integration of other material-
system light sources on PICs, mostly III-V materials (e.g. AlGaAs and
InGaAsP). In this thesis and Paper D, the focus is on integration of
GaAs-based VCSELs on SiNx PICs, as these are low-loss in the near-IR
(near-infrared) [94] and therefore suitable for e.g. certain bio-photonic
sensing applications.

Apart from low-loss waveguides, basic photonic components such as
couplers/splitters, grating couplers (GCs), modulators, detectors, multi-
plexers and demultiplexers have been demonstrated [95,96], constituting
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a rich photonic device library. Applications include i.e. coherent opti-
cal communication transceivers [97], sensing [98], biosensing [99], spec-
troscopy [100] and datacom links [101].

5.1 Integration Techniques

Growing III-V materials directly on silicon is challenging due to the
mismatch of several material parameters, such as the lattice constant and
thermal expansion coefficient. However, this can be achieved through
epitaxial growth in trenches [102], utilizing aspect ratio dependent defect
trapping, and while successful, this method is far from commercially
viable. Furthermore, quantum dot lasers grown on silicon have been
shown to be a good option [103].

Heterogeneous integration of III-V materials and lasers is a more
mature technology. This primarily includes pick-and-place and bond-
ing techniques. There are several pick-and-place techniques available,
these are, but not limited to: butt-coupling, flip-chip and micro-optical
benches. Butt-coupling [104] usually involves a die-level process, requir-
ing precise alignment of the die-component to the PIC, for high coupling
efficiency. Flip-chip [99,105] integration is based on flipping the die over,
upside down, and soldering it to the target. This is done by placing the
die on solder balls, either in a flat fashion or at an angle and reflowing
the solder. The light from flip-chipped devices can be redirected either
directly or at an angle onto a GC. However, this method suffers from
relatively low throughput and scalability. Micro-optical-benches [106]
features integration of an ensemble of micro-optical components in a
single miniature module. This module is then placed on the PIC, and
wire-bonded. Due to its integrated optical components, it can be, for
example, integrated on top a GC.

There are also bonding-type integration methods, which can be di-
vided into direct bonding and adhesive bonding. Bonding can be used
for both die-to-wafer bonding and wafer-to-wafer bonding [107–109]. Di-
rect bonding [110] works by means of Van Der Waals-forces, and requires
thorough cleaning and surface treatment procedures of both the Si- and
III-V-surfaces. Even small defects can create bonding problems when us-
ing this method, especially for direct wafer-to-wafer bonding, as the area
is larger than for die-to-wafer bonding. Adhesive bonding [109, 111] is
typically done with divinylsiloxane benzocyclobutene (DVS-BCB) as the
bonding agent. This also mitigates issues related to defects, non-perfect
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cleaning and non-planar surfaces such as roughness or structures.
For VCSELs, the so far most common integration methods are flip-

chip [105,112] and bonding [109,113]. However, in the upcoming Section
and in Paper D, we present integration through a different, and more
scalable method.

5.2 Micro-Transfer-Printing

Compared to most other integration techniques, micro-transfer-printing
(MTP) is a target material-independent, cost-efficient, easily scalable
and mass fabrication friendly technique to transfer and integrate mi-
croscale devices [114, 115]. MTP offers high alignment accuracy, ±1.5
µm, 3 σ [116]. This technique is demonstrated for VCSEL integration
in Paper D, where the demonstration of fully functional GaAs-based
VCSELs transfer-printed on SiNx PICs is the first of its kind.

5.2.1 Principles

First, the devices on the source substrate need to be secured in place
using resist-based tethers, which allows for chemical access to a release
layer. This is followed by releasing the devices via selective wet etching
of the release layer underneath, which suspends the devices in air. The
devices can then be transfer-printed. MTP is performed using a print
head, with a stamp attached to it. The stamp is made of polydimethyl-
siloxane (PDMS) and the layout is tailor-made to match the layout of
the devices that are being picked up. The PDMS stamp is aligned to,
makes contact and adheres to the devices, which are then picked up by
lifting the stamp quickly, which breaks the tethers. The devices are then
aligned and placed on the target substrate, and can optionally be placed
on e.g. DVS-BCB to aid bonding [111]. The stamp is then lifted slowly,
which leaves the devices on the target. This is possible due to the special
kinetic/elastometric properties of these stamps, which make the devices
stick when the stamp is lifted quickly, and release when it is lifted more
slowly [117].

5.2.2 VCSEL Design

The VCSELs to be transfer-printed have to be designed keeping the
transfer-printing process and the application in mind. For the work in
Paper D, full bottom-emitting VCSELs with two epitaxial DBRs were
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printed. The design requires, most of all, a release layer. Such a layer
has to be lattice-matched to the VCSEL’s epitaxial layers, since these
layers are grown on top of the release layer, and it has to be a material
that can be etched selectively against the material system of the VCSEL
or at least the layer directly above the release layer if the VCSEL is
otherwise protected during fabrication. In Paper D, this was achieved
using an InGaP release layer (In0.49Ga0.51P), which can be selectively
etched against the Al0.12Ga0.88As phase layer (also referred to as buffer
layer in Paper D) with concentrated hydrochloric acid. A schematic of
the design can be found in Chapter 6, Figure 6.1.
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VCSEL Fabrication for
Micro-Transfer-Printing

The work in Paper D was performed with a metal-organic chemical vapor
deposition (MOCVD) epitaxial VCSEL structure on an n-doped GaAs
substrate. As we process small wafer-pieces, the text in this Chapter
refers to partial-wafer processing instead of full-wafer processing, as is
done in industry. Fundamentally, partial-wafer processing is not very
different from full-wafer processing. Further reading on fabrication tech-
niques and details can be found in [118].

6.1 Photolithography

One of the core processing steps of any micro-fabrication processes is
lithography. As there are many forms of lithography and only ultravi-
olet (UV) photolithography is used in this thesis, the focus of this in-
troduction is on this particular technique. The general idea behind any
lithography is the transfer of a pattern onto a resist. For photolithogra-
phy this is done using UV light and the transfer of the pattern is done
onto a photoresist, which is a resist that is sensitive to UV light. The
photoresist is generally used for protecting the wafer during physical or
chemical etching (Section 6.2), as well as for lift-off of various thin films
(Section 6.3). Lift-off refers to the dissolvement of the resist (in a sol-
vent), which lifts the deposited material on top of it but leaves the rest
behind.

In order to pattern the photoresist it first has to be spin-coated onto
the wafer. The wafer is first coated with a thick layer of photoresist. The
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wafer is then spun at a few 1000s rotations per minute which creates an
even and thickness-controlled layer of resist. The thickness depends on
the resist viscosity and spinning speed, where each resist has its own
specifications. After this, the wafer is baked for a few minutes at a tem-
perature of around 100-130◦C in order to make the resist less sticky and
improve the adhesion to the wafer by evaporating some of the solvent.

After this, the photoresist on the wafer is exposed to UV light (in
our case 365 nm [i-line], 405nm [h-line], and 436 nm [g-line]), however,
exposing all of it would defeat the purpose and therefore the resist needs
to be patterned. Several patterning techniques are available, but two
are fairly common. The first is contact photolithography, where the
wafer with the photoresist is aligned and pressed against a quartz glass
mask with metal patterns, typically chrome. The patterns are used to
block light from passing while the clear areas of the quartz lets light
through. When the wafer is aligned and in contact with the mask the
wafer is exposed through the mask, using UV light. The second common
technique is using a laser writer to write the pattern into the resist.

After this, the wafer is subjected to a photodeveloper liquid. For
positive resists, the photodeveloper will dissolve all the UV-exposed pho-
toresist, and for negative resists, it will dissolve the unexposed areas. A
third option is usage of an image reversal resist, which after exposure
also requires baking and full-wafer UV-exposure steps. The developer
will then dissolve all the initially non-exposed areas of the resist. The
image reversal resist is often used as a ”negative resist”, but due to the
different chemical function will create a resist pattern with undercut,
that allows for a cleaner lift-off procedure.

The resolution of photolithography depends on several system param-
eters, but is often limited by the wavelength of the light, and realistically
UV photolithography can be used to pattern resists with a minimal fea-
ture size of 1 µm [118]. There is also a margin of error for the alignment
of the mask to the wafer, which is also on the order of about 1 µm.

6.2 Etching

There are both wet and dry etching techniques that can be used to etch
the AlGaAs-system and SiNx, used for the VCSEL fabrication. Wet
etching is done using liquids to chemically dissolve materials. Although
it is to some extent selective, it is hard to perform anisotropic wet etching,
which is desired for e.g. the mesa etch, and it can also be hard to control
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the etch rate and achieve consistency from run to run. Dry etching on
the other hand makes use of chemical gases, often in plasmas which can
also provide a physical etch, and provides better anisotropy than wet
etching, however often at the cost of selectivity.

In Paper D, apart from wet etching to remove unwanted surface ox-
ides, only dry etching was used. The technique used is the inductively
coupled plasma (ICP) reactive-ion etch (RIE), in which a plasma of re-
active gases is created, and the ions accelerated toward the wafer, where
they chemically react with the target material and remove it from the
exposed surfaces. For AlGaAs etching, a combination of SiCl4 and inert
Ar is used to create a chemical and physical etch of the material. For
etching of SiNx, NF3 gas is used to mostly chemically etch the SiNx.
This system also has an in-situ laser interferometer monitoring system,
which allows for a controlled etch depth.

However, ion beam etching (IBE), a purely physical etch in which
Ar ions are accelerated and physically etch the target, was also used for
testing and investigation purposes in this work.

6.3 Thin Film Deposition

During the VCSEL fabrication process, several metal and dielectric thin
films are deposited, often with a maximum thickness of 500 nm and most
commonly lower. The most used dielectric for (our) GaAs VCSELs is
SiNx, but SiO2 could also potentially be used. During the fabrication
process, metals such as gold, titanium, platinum, nickel and germanium
are used. There are several different ways of deposition, both physical
and more chemical.

One physical deposition method is sputtering, which involves a metal
or dielectric target which is physically bombarded with an Ar-plasma to
rip the atoms from the target and physically deposit them on the wafer
placed below. For a silicon-target, N2 as a reactant is used to form
Si3N4. A DC bias is applied to the target if it is conductive, or, for
non-conductive targets, RF-sputtering (radio frequency) is used. This
method provides excellent step coverage and good adhesion.

Another physical deposition method is evaporation. The material,
commonly a metal or semiconductor, is placed in a crucible which is
heated using either resistive Joule heating or electron beam heating
where accelerated electrons hit the material. This heats up the material
until it starts to evaporate, above which the wafer is placed upside-down,
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and covered with the evaporated material. This method provides worse
step coverage than sputtering, but is therefore more lift-off compatible.
Evaporation provides good uniformity, and better opportunities for in-
situ film thickness control.

One chemical method is called chemical vapor deposition, where gases
are pushed into a reactor to then deposit on the wafer. In our case it
is often plasma enhanced, yielding the plasma-enhanced chemical vapor
deposition (PECVD) process, which is used for SiNx deposition. In this
method, gases are injected into the reaction chamber, in which a plasma
is generated, in our case using ICP. The gases injected into the chamber
are made more reactive by the plasma, and in the case of SiNx-deposition
a silane gas (SiH4) is used to create a reaction with N2, which is aided
by the Ar ions in the ICP. The etch system also has an in-situ laser
interferometer monitoring system, which allows for thickness control.

6.4 Selective Wet Oxidation

The oxide layer in the VCSEL is created using an oven with water vapor
inside, reaching a temperature of 420◦C. This is achieved by feeding N2

through a water bubbler, which pushes water vapor into the oven. This
process is sensitive to temperature changes, and therefore any tempera-
ture gradients, which can create a gradient in the oxidation rate across
the wafer [119]. In order to mitigate this effect, the wafer is rotated
180◦C after half of the oxidation time. The typical oxidation rate for
Al0.98Ga0.02As in our system varies from 0.15 µm/min to 0.40 µm/min
due to process and epitaxial variations (varying Al-content), but is typ-
ically in the 0.25-0.30 µm/min range. The oven has a glass window
which allows for in-situ monitoring of the oxidation process using an
infrared CCD camera (charged-coupled device) and diode illumination
system, which is based on the difference in reflectivity between oxidized
and non-oxidized AlGaAs.

6.5 Process flow

In this Section, the process flow used for fabrication of VCSELs for the
micro-transfer-printing integration performed in Paper D is described in
more detail. See Figure 6.1 for cross-sectional schematics. First, the
epitaxial material is cleaved into wafer pieces and cleaned using solvents
[Subfigure (a)]. Then, p-type contacts made of layered Ti/Pt/Au in the
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form of annuli (rings) are deposited through evaporation and lift-off on
the topmost DBR layer. The contacts can also be circular to act as
reflectors, as was done in Paper D, however the drawback is that the
output power cannot be monitored through the top [Subfigure (b)]. Af-
ter this, a circular hard mask is created from etching sputtered SiNx
using a NF3-based ICP RIE dry etch for the purpose of top mesa etch-
ing. After this, another ICP-RIE dry etch using SiCl4 and Ar to form
the top mesa is performed and a SiNx protective layer is subsequently
deposited using PECVD [Subfigure (c)]. The protective layer of SiNx is
then opened at the top mesa sidewall using an ICP RIE NF3 etch and
the VCSEL is subsequently subjected to selective wet oxidation [Sub-
figure (d)]. Further, the SiNx is removed by an ICP RIE NF3 etch and
Ni/Ge/Au n-type contacts are deposited using evaporation and annealed
at a temperature of 390◦C [Subfigure (e)]. Another ICP RIE SiCl4/Ar
etch is then performed to create a bottom mesa, etching down to roughly
half of the phase layer in order to avoid affecting the release layer be-
fore release (which is done using selective wet etching), after which a
protective and passivating SiNx layer is deposited using sputtering [Sub-
figure (f)]. Finally, the SiNx layer is opened up at the top surface and
on the p- and n-contacts using ICP RIE NF3, which are metallized with
sputtered Ti/Au contact pads for easier access in further processing (or
pre-transfer-print testing) [Subfigure (g)].

Details on the transfer-printing and post-processing beyond the on
source-wafer VCSEL fabrication, can be found in Paper D and [120]. In
summary, the VCSELs are anchored from all four x-y-directions using
resist-based tethers. This is followed by etching through the phase layer,
down to the release layer which is fully removed using selective wet etch-
ing, and the VCSELs become suspended in the air using the tethers.
After this, the VCSELs (one or several, depending on stamp layout,
which is tailor made) are picked up using a PDMS stamp. They are
then placed on the target PIC, on top of GCs, with a thin BCB layer for
adhesive bonding in-between. The VCSELs are finally planarized with
BCB and metallized with contact pads for probing or wire bonding.
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Figure 6.1: The processing steps of a p-side up bottom emitting VCSEL
designed for micro-transfer-printing, (a) showing the starting
epitaxial structure and (g) showing a functioning but not yet
transfer-printed VCSEL.
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Chapter 7

Outlook and Future Work

7.1 Datacom VCSELs

There are several interesting potential future developments of the re-
search behind Papers A–C, on VCSEL modelling, related to datacom
applications. As previously described in Chapter 4, many VCSEL mod-
els have been developed throughout the years. However, one interesting
aspect is that there is a lack of published large-signal high-speed VCSEL
models for very broad temperature ranges, suitable for both cold (-40◦C)
and very hot environments (125◦C). This temperature range is not a
coincidence, but rather a requirement for applications in the automo-
tive industry (-40◦C to >100◦C) [121] and the datacom industry (room
temperature to >100◦C) [122] when optical transceivers are co-packaged
with ASICs (application-specific integrated circuits) used for computing
and switching, or even applications such as radars, that have to be very
temperature-resilient. Currently, in this area, our GaAs VCSEL research
group is working on developing VCSELs for harsh environments such as
the above-mentioned ones. Extending the working temperature range of
the VCSEL model presented in Papers A–C would be a large improve-
ment, as it will aid the development of full optical transceivers for an
extended temperature range.

Further, the model is, as standing, a single-mode approximation. It
can, however, for the future be expanded to use a multi-mode description
of the VCSEL, and be useful for longer reach optical interconnects, as this
would allow for tracking of different VCSEL modes and better estimation
of the effect a given fiber will have on the signal.
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Chapter 7. Outlook and Future Work

7.2 VCSELs for SiNx PICs

While we have in Paper D provided a first time demonstration of MTP
GaAs VCSELs on SiNx PICs, these results can certainly be improved.
The results presented are essentially the second iteration of working de-
vices, although they already work above the minimum specifications for
the target sensing application. Due to the Covid 19-pandemic and var-
ious delays, the final iteration had to be somewhat straightforward and
less time was spent on optimization of details.

The performance before printing was good in terms of thermal roll-
over current, however after printing, the thermal properties degraded
substantially. Further improvement must be done to manage thermal
effects on the PIC.

Finally, the concept behind Paper D can certainly be used in more
applications than just sensing, where VCSELs are micro-transfer-printed
onto PICs. For example, datacom applications seem interesting, as MTP
would be beneficial considering the large device volumes of the datacom
industry. For example, dense MTP of a large number of high-speed
VCSELs at multiple wavelengths on the PIC, where wavelengths are
multiplexed on a number of spatial channels, would enable compact and
energy efficient transmitters with very high aggregate capacity.

However, as silicon photonics is still a rapidly developing field, it is
hard to say exactly what the future might bring.

50



Chapter 8

Summary of Papers

PAPER A

”Large-Signal Equivalent Circuit for Datacom VCSELs” ,
IEEE/OSA Journal of Lightwave Technology, vol. 39, no. 10, pp. 3225-
3236, May 2021, doi: 10.1109/JLT.2021.3064465.

This paper presents a physics-based equivalent circuit model for datacom
VCSELs, capable of accurately predicting the large-signal modulation re-
sponse under different conditions. The work is motivated by bandwidth
stagnation of optoelectronic components, which requires co-design and
co-optimization with driver and receiver electronics to enable higher data
rates. The model accounts for the impedance of the VCSEL and tracks
the carriers in the separate-confinement heterostructure and the quan-
tum wells, thereby accounting for carrier transport and capture effects.
The model also accounts for current-induced self-heating effects and gain
compression. Simulations are compared with measurements for verifica-
tion purposes. Excellent agreement over a broad range of parameters,
such as bias current, temperature and modulation format, is achieved in
terms of both static and dynamic VCSEL behavior.

My contribution: I co-developed the model with Johan Gustavsson
(JG) and I implemented the model in the software. I performed all
circuit simulations and measurements and extracted circuit parameter
together with JG. Me and JG co-authored the paper, with me as the
lead author.
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Chapter 8. Summary of Papers

PAPER B

”Large-Signal Equivalent Circuit for Datacom VCSELs - Includ-
ing Intensity Noise” , Accepted for publication in IEEE/OSA Journal
of Lightwave Technology, doi: 10.1109/JLT.2022.3200905.

This work presents an extension of the model presented in Paper A, with
intensity noise added. Noise is added separately to each of the physi-
cal processes in the model, assuming Poisson noise processes and white
noise in the frequency domain, thus Gaussian noise in the time domain.
However, the white noise generated by each process propagates through
the circuit, thus being shaped in the frequency domain. The paper also
features more accurate large-signal full link simulations, including more
complete models for the photoreceiver, with relevant noise properties.
Relative intensity noise measurements and simulations are compared to
verify the noise levels in the frequency domain. All simulations show
good agreement with measurements.

My contribution: I co-developed the model with JG and I imple-
mented the noise extension of the model. I performed all measurements
and simulations. Me and JG co-authored the paper, with me as the lead
author.

PAPER C

”Impact of Carrier Transport and Capture on VCSEL Dynam-
ics” , Submitted to IEEE Journal of Quantum Electronics.

This study investigates the impact of carrier transport and capture on
VCSEL dynamics using the model in Paper A, an impact that is next
to impossible to study experimentally. The study finds that the effective
capture time can have large impact on the VCSEL small- and large-
signal modulation response. With increasing effective capture time, a
clear decrease of bandwidth is observed, which results in longer rise- and
fall times, closing the optical eyes in the vertical direction. However, a
too short effective capture time leads to timing jitter and intersymbol
interference because of the under-damped response. It is concluded that
for a given effective capture time, which should be as short as possible to
enable the highest modulation speed, the photon lifetime should be set
to balance the effects for a critically damped, high-bandwidth response.
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My contribution: I performed all simulations and most of the analysis,
and I am the main author of the paper.

PAPER D

”Enabling VCSEL-on-silicon nitride photonic integrated circuits
with micro-transfer-printing” , Optica, vol. 8, no. 12, pp. 1573-1580,
Dec 2021, doi:10.1364/OPTICA.441636.

This work presents a technique for micro-transfer-printing of GaAs-based
850 nm VCSELs on silicon nitride PICs, which enables cost-efficient inte-
gration of an energy efficient light source, compatible with high-volume
manufacturing. Fully functional bottom-emitting VCSELs are processed
on the GaAs source wafer, followed by under-etching and release after
anchoring to the source wafer by tethers. A stamp is used to pick up
the VCSEL coupon from the source wafer and transfer to the SiN PIC
target wafer where it is attached over a grating coupler using adhesive
bonding. The PIC is developed for a bio-sensing application. There-
fore, the grating coupler is designed for bi-directional coupling to enable
optical powering of several sensors on the PIC. A waveguide-coupled op-
tical power exceeding 100 µW with sub-mA VCSEL threshold current is
demonstrated. Since the application requires spectral purity and wave-
length tunability, the VCSEL is single-mode and the wavelength is tuned
by the VCSEL current. A suppression of higher order modes by >45 dB
and a tuning range of 5 nm were achieved. In addition, for efficient cou-
pling to the waveguide, the polarization of the VCSEL has to be aligned
to the grating lines. This is achieved by polarization selective optical
feedback from the grating coupler, which required VCSEL-grating cou-
pler co-design.

My contribution: Me and Jeroen Goyvaerts (JGo) collaborated closely
and contributed equally. We co-authored the paper. I developed the
VCSEL fabrication process, fabricated pre-processed VCSELs on the
source wafer and delivered to Ghent University for subsequent trans-
fer printing on SiN PICs by JGo who also developed the PIC. The PICs
were fabricated at imec. JG assisted with VCSEL design. I performed
many of the measurements, including most notably spectral and po-
larization measurements and measurements to assess performance over
temperature.
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