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Abstract

GaAs-based vertical-cavity surface-emitting lasers (VCSELs) are dominating
short-reach optical interconnects (OIs) due to their high modulation speed, low
power consumption, circular output beam and low fabrication cost. Such Ols
provide the high bandwidth connectivity needed for interconnecting servers and
switches in data centers. With the rapidly increasing use of Internet-based ap-
plications and services, higher bandwidth connectivity and higher aggregate ca-
pacity VCSEL-based Ols are needed. Until now, this has been achieved mostly
through an increase of the lane rate by higher speed VCSELSs and higher order
modulation formats. Furthermore, spatial-division-multiplexing has proven ef-
fective for increasing the aggregate capacity. Much higher capacity can be
achieved by multiple wavelengths per fiber, known as wavelength-division-
multiplexing (WDM). Moreover, smaller footprint and higher bandwidth den-
sity WDM transceivers can be built using monolithic multi-wavelength VCSEL
arrays with densely spaced VCSELs. This requires a VCSEL technology where
the wavelength of individual VCSELSs can be precisely set in a post-epitaxial
growth fabrication process and a photonic integrated circuit (PIC) for multi-
plexing and fiber coupling. Flip-chip integration over grating couplers (GCs)
is considered for interfacing VCSELs with waveguides on the PIC.

In this thesis, an intra-cavity phase tuning technique is demonstrated for
setting the resonance wavelength of VCSELs in a monolithic array with an
accuracy in spacing of <1 nm. Uniform performance over the array is achieved
by spectral matching and balancing of mirror reflectances, optical confinement
factor and optical gain. Single transverse and polarization mode VCSELs, as
required for flip-chip integration over GCs, with a record output power of 6
mW are also demonstrated.

Finally, an investigation of angled flip-chip integration of a VCSEL over a
GC on a silicon photonic integrated circuit (Si-PIC) is presented. Dependencies
of coupling efficiency and optical feedback on flip-chip angle and size of the
VCSEL die are studied using numerical FDTD simulations. Moreover, flip-chip
integration of a VCSEL over a GC on a Si-PIC is experimentally demonstrated.
The insertion loss from the VCSEL at the input GC to a singlemode fiber,
multimode fiber or flip-chip integrated photodetector over the output GC was
measured and quantified. The latter forms an on-PIC optical link.

Keywords: optical interconnects, wavelength-division-multiplexing, vertical-
cavity surface-emitting laser, wavelength setting, mode control, flip-chip inte-
gration, silicon photonics
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Chapter 1

Introduction

In March 2021, 65.6% of the world population used the Internet, while it was
56.8% in 2019. The world population of Internet users in 2021 has grown by 13.3
times compared to year 2000 and reached 5,168,780,607 in March 2021. The
maximum growth (130, 58%) is in Africa and 53.4% of the Internet users live in
Asia. 93.9% and 88.2% of the Northern America and Europe, respectively, use
Internet [1]. Every day we use the Internet to connect with friends and family,
stream music and movies, share ideas and knowledge, search for information,
shop online, etc. It is difficult to imagine the world without the Internet.

Two key components of the Internet infrastructure are optical fiber cables
and data centers. Vast amounts of data are transmitted through these cables
across the world while data is being processed, stored, and accessed in data
centers. With increasing use of Internet-based applications and cloud comput-
ing, the number of the data centers and their size increase rapidly. Moreover,
our computers, smartphones, and tablets are mainly used as terminals where
we access information, while data storage and processing are located in the
data centers. The number of hyperscale data centers was 259 in 2015 and was
predicted to be 485 in 2020 [2| but reached to 597 [3]. The largest data center
in the world had a size of 100,000 m? (equivalent to 12 FIFA standard football
fields) in 2015 [4] and 1,000,000 m? in 2019 [5] (nearly 120 football fields). This
up-scaling means that present and future data centers, as well as supercomput-
ers, need an internal communication network with huge capacity. Both longer
reach (up to 2 km) and shorter-reach (meter’s) optical interconnects (OIs) are
needed when data centers increase in size and when Ols are increasingly used in
the server racks. GaAs-based vertical-cavity surface-emitting lasers (VCSELS),
offering low cost, low power consumption, small footprint, high modulation
speed at low current, and excellent reliability, are well-suited for short-reach
OIls in particular [6L[7].
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1.1 Data center architecture

Data centers, either room-scale or hyperscale, are made of cabinets of servers
and since the number of hyperscale data centers is increasing and they are
the main hubs for the global data traffic, in this section, the architecture of a
hyperscale data center is introduced. In the hyperscale data center, there are
numerous racks of stacked servers and storage units clustered in pods. Each
rack contains multiple servers or storage units. A top-of-rack (ToR) switch
interconnects all units within the rack. The ToR switch, e.g., a gigabit Ethernet
switch, can be put anywhere in the rack, not just limited to the top. However,
engineers prefer to have the ToR at the top for easier accessibility and cleaner
cable management, Figure [I.1]

Moreover, the ToR switches are connected using additional layers of network
switches. The way switches are connected to each other is called topology. In
a hyperscale data center, careful consideration of topology is necessary due to
network throughput, latency, congestion, and packet loss ||§|, Furthermore,
the up-scale topology needs to support a large inter-node communication band-
width. The fat-tree topology was proposed for fulfilling these requirements |11].
A simplified view of a fat-tree topology is shown in Figure [1.2l The motiva-
tion behind the fat-tree topology is achieving maximum bisection bandwidth
in the network, which requires spreading outgoing traffic from any given pod
as evenly as possible among the core switches. The fat-tree topology provides
large bisectional bandwidth, economical scalability, low power consumption,
and backward compatibility in large data centers .

In addition, todays, interconnects employ optical fibers instead of copper
cables. They provide higher data rates with large bandwidth, minimum at-
tenuation, and low power consumption [14], and there is no crosstalk or any

ToR Switch

Server

intra-rack interconnects

Figure 1.1: A schematic view of a rack of servers. Each server connects to the ToR
switch via intra-rack interconnects .




1.2. Toward higher capacity data center connectivity

Core layer

i Aggregation layer

© Ed ge layer

Figure 1.2: Simplified view of a fat-tree topology. Core layer switches are on top
and connect to each server in pods via aggregation layer and edge layer

switches .

electromagnetic interference . The most common OI consists of a GaAs-
based VCSEL operating at 850 nm with a multimode fiber (MMF) [12].

1.2 Toward higher capacity data center connec-
tivity

The 850 nm GaAs-based VCSEL technology is used in 95% of all optical net-
working applications with reach <1000 m . In a data center, 850 nm VC-
SELs are used as the light source in short-reach Ols (intra-rack and lower-level
network). However, as the throughput of servers and switches increases, the
increasing number of transceivers in a limit space presents a formidable chal-
lenge. Hence, there is a great need for OI transceivers with higher capacity and
higher bandwidth density .

Large efforts have been invested in the development of higher aggregate ca-
pacity Ols. On-off-keying, non-return-to-zero (OOK-NRZ) data transmission
up to 57 Gbit/s at 25°C and 50 Gbit/s at 85°C, without equalization or forward-
error-correction (FEC), has been achieved using 850 nm VCSELs [19]. With
transmitter and receiver equalization, error-free data rates >70 Gbit/s have
been demonstrated . More recently, 1060 nm single and multimode VC-
SELs (GaAs-based) were investigated for extending the reach of VCSEL-based
Ols . Extended reach is enabled by the lower fiber chromatic dispersion and
attenuation at longer wavelengths . To further increase capacity, higher or-
der modulation formats are used. The PAM-4 format is of primary interest
because of low power consumption and low complexity. PAM-4 with transmit-
ter equalization and pulse shaping has enabled error-free (no FEC) 100 Gbit/s
transmission over 100 m MMF at both 850 and 1060 nm .Further im-
provements of aggregate capacity, and bandwidth density, may come from the
use of multiple cores per fiber (spatial division multiplexing, SDM) or multiple
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wavelengths per fiber (wavelength division multiplexing, WDM). A multicore
fiber (MCF) interconnect with a single fiber capacity of 240 Gbit/s has been
demonstrated using a 6-core fiber and a 6-element VCSEL array [25|. Coarse
WDM (CWDM) with 4 channels and 30 nm channel spacing (850, 880, 910, and
940 nm), known as SWDM4, is being implemented [26] and has demonstrated
up to 400 Gbit/s (4 x 100 Gbit/s) single fiber capacity [27]. With WDM being
the most promising and scalable approach for higher aggregate capacity and
higher bandwidth density, increasing the number of wavelengths per fiber from
4 to 8 and beyond is considered to increase the capacity on a single fiber to
~ 1 Thit/s and the aggregate capacity on multiple fibers to ~ 10 Thbit/s [28|.

1.3 VCSEL-based optical interconnects

A schematic of a VCSEL-based single-channel OI is shown in Figure It is
composed of a transmitter, an optical fiber, and a receiver. The VCSEL-based
transmitter consists of a VCSEL, which is directly modulated by a driver to
convert the input electrical signal to an optical signal transmitted along the
optical fiber. At the receiver, the received signal is converted back to the
electrical domain by a photodetector (PD), a transimpedance amplifier (TTA)
and subsequently amplified to a sufficient level.

Short-reach (<300 m) OI transmitters predominantly employ 850 nm GaAs-
based VCSELs [6]. For longer reach, VCSELs emitting at longer wavelengths
can be employed. The VCSEL emission wavelength depends on the semicon-
ductor compounds used in the VCSEL structure. In the GaAs-based VCSEL,
with AlGaAs compounds in the mirrors and InGaAs compounds in the active
region, the wavelength can be extended to ~ 1100 nm [29]. For longer wave-
length VCSELSs at 1310 and 1550 nm, InP-based compounds are used. However,
while optical fiber performance is optimum at 1310 nm (minimum chromatic
dispersion) and 1550 nm (minimum attenuation), InP-based VCSELSs suffer
from higher threshold currents due to a higher non-radiative recombination
rate [30] and more complex mirror designs due to the small refractive index
contrast offered by the InP-based compounds.

The optical fiber link provides broad bandwidth transmission, low cost, light
weight, high security, and immunity to electromagnetic interference compared
to the copper cables. Its attenuation is low but wavelength dependent, 2 dB/km

Receiver

Transmitter

1
. Pt Amplifier | Output data
Transimpedance i
amplifier i

Figure 1.3: Single-channel VCSEL-based OI.
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at 850 nm and 0.2 dB/km at 1550 nm [22]. The MMF used in Ols is more
expensive than the singlemode fiber (SMF) due to its complex refractive index
profile [31] but offers relaxed alignment tolerance to the light source because
of its large core size. Singlemode technology (SMF and singlemode VCSEL)
can be used to extend reach, but it needs more critical alignment and therefore
increases assembly and packaging cost.

1.4 Outline of thesis

This thesis is outlined as follows. In Chapter 2, dense WDM (DWDM) and
course WDM (CWDM) for Ols are introduced along with the demand for any
kind of multiplexing technique to achieve higher bandwidth density and higher
aggregate capacity. Moreover, it defines the requirements on a VCSEL for in-
tegration in a CWDM transceiver. Chapter 3 introduces the VCSEL design
and its various building blocks, along with its basic static and dynamic charac-
teristics and associated performance measures. VCSEL wavelength setting by
intra-cavity phase tuning and the uniformity limitations of monolithic multi-
wavelength VCSEL arrays, in terms of static and dynamic performance together
with fabrication and testing results are discussed and reviewed in Chapter 4.
In addition, a mode filtering technique for controlling the transverse and polar-
ization mode properties is introduced in this chapter. In Chapter 5, different
techniques for light source integration on silicon photonic integrated circuits
(Si-PIC) are reviewed. Also, flip-chip integration of VCSELs and the condi-
tion under which a VCSEL can be integrated are discussed. Experimental
results from a VCSEL-to-PD optical link on a PIC is presented. In Chapter 6,
most important and critical steps for fabricating a high-performance monolithic
multi-wavelength intra-cavity contacted VCSEL array is presented. Finally, a
future outlook and summary of appended papers are given in Chapters 7 and
8, respectively.







Chapter 2

Wavelength multiplexed
optical interconnects

The performance of a data center has become largely limited by the capacity
and efficiency of the networks used to interconnect servers, storage units, and
switches. Future data centers with very large scale and bandwidth will need
networks with very high aggregate capacity (a thousand times higher than
today’s maximum capacity). In addition to higher speed VCSELs (with baud
rates of 50 and 100 Gbaud/s) together with higher order modulation formats
(PAM-4, PAM-8, DMT, duobinary ...) for higher lane rates, multiplexing
is needed for very high aggregate capacity. SDM employs parallel fibers or
a MCF to transmit one channel per fiber core and therefore multiplies the
net capacity. Until now, higher OI capacity has been achieved predominantly
through an increase of the lane rate and using parallel fibers [25]. Future large-
scale data centers will require multi-Tbit/s interconnect capacity and major
improvements of bandwidth density. However, current OI technologies are
expected to saturate at the ~ 1 Tbit/s level. WDM, with multiple channels
at different wavelengths on a single fiber core, is considered the solution for
reaching multi-Thit/s capacity.

2.1 Dense and coarse WDM

In a WDM system, see Figure[2.1] several signals at different wavelengths emit-
ted by different lasers, are combined in a multiplexer (MUX) and transmitted
together through a single fiber with a single core. At the receiver, they are split
by a demultiplexer (DEMUX) and detected by an array of PDs. Thereby, in-
terconnect capacity can be increased without increasing the number of optical
fibers [32]. This also improves the bandwidth density.

WDM systems are classified according to the spectral density of multiplexed
channels. VCSEL-based SWDM4 Ols, with direct modulation and direct de-
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Figure 2.1: Four-channel WDM system.

tection, use a channel spacing of 30 nm and four discrete VCSELSs emitting
at different wavelengths. This is referred to as coarse WDM. The large chan-
nel spacing simplifies system implementation and accommodates the drift in
wavelength with temperature (~ 4 nm from 25°C to 70°C for a GaAs-based
VCSEL at ~ 1000 nm) . In long haul optical communication systems, dense
WDM (DWDM) is used. Here, the channel spacing is much smaller and the
number of channels is much larger, e.g., 80 channels with 50 GHz spacing. This
requires the use of coherent techniques for encoding and decoding of data on
the optical carriers.

2.2 VCSEL-based WDM interconnects

In data center servers and switches, as well as the data processing and storage
equipment used in supercomputers, there is a large number of OI transceivers
in a limited space. Therefore, bandwidth density, quantified by the Gbit/s/mm
figure of merit, is an important measure . Any form of multiplexing (SDM or
WDM) of the interconnect channels, which could improve bandwidth density,
is therefore of interest. The maximum achievable capacity of VCSEL-based
OIs using SDM is considered to be at the ~ 1 Tbit/s level. However, future
data centers will need at least an order of magnitude higher capacity and this
can potentially be provided by WDM. The use of discrete VCSELS emitting at
different wavelengths (e.g., SWDM4) can be used to build WDM transmitters
but the use of discrete components increases the footprint and limits the band-
width density. With monolithic multi-wavelength arrays of VCSELSs, both high
aggregate capacity and high bandwidth density can be achieved .

2.2.1 Monolithic multi-wavelength VCSEL arrays — state-
of-the-art

The resonance wavelength of a VCSEL is set by the phase of the reflections
from the distributed Bragg reflectors (DBRs) and the propagation phase delay
in the cavity separating the DBRs. The latter is controlled by the optical
length of the cavity. Therefore, both reflection phases and cavity length are
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VCSELarray MUX PD array DEMUX

| |
driver array —J” i

Figure 2.2: Left: SiP transmitter with flip-chip mounted multi-wavelength VCSEL
arrays, multi-channel drivers and integrated MUXs. Right: SiP receiver
with flip-chip mounted PD arrays, multi-channel TIAs and integrated
DEMUXs.

parameters that can be used to set the resonance wavelength of VCSELs in a
multi-wavelength VCSEL array.

Since the early 1990’s, different techniques for fabricating monolithic multi-
wavelength VCSEL arrays have been explored. Non-uniform and non-
planar [35] epitaxial growth were used to induce a variation in cavity length,
and therefore wavelength, over the wafer. However, VCSEL designs and fabri-
cation techniques that allow for post-growth wavelength setting are preferred
for precisely controlling the emission wavelength of VCSELs at specific locations
on the wafer. Among these techniques, non-planar bonding to control the cavity
length of wafer bonded VCSEL , selective oxidation for modifying the cavity
length , replacement of the top-DBR by a high-contrast grating to con-
trol the reflection phase by the grating parameters , the use of an intra-DBR
phase tuning layer for controlling the DBR reflection phase [40-44], and the use
of an intra-cavity phase tuning layer for controlling the cavity length
have been explored. While VCSELSs are predominantly considered for CWDM
with intensity modulation and direct detection, there are exceptions. For in-
stance, in a monolithic InP-based VCSEL array with wavelengths set by
intra-cavity phase tuning to a channel spacing of 100 GHz was used to enable
a 100 Gbit/s per channel using polarization-division-multiplexed PAM-4 and
coherent detection for an aggregate capacity of 400 Gbit/s.

2.2.2 Integrated CWDM transceivers

The construction of compact CWDM transmitters with small footprint and
high bandwidth density requires an integration platform on which multi-wavele-
ngth VCSEL arrays and multi-channel drivers can be mounted, and the dif-
ferent wavelength channels can be multiplexed and coupled to a single fiber.
A similar integration platform is needed for the receiver, with a DEMUX and
arrays of PDs and TIAs. We envision using a complementary metal-oxide-
semiconductor (CMOS) compatible silicon photonics (SiP) integration platform
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SiN waveguide

|

Figure 2.3: Flip-chip integration of a VCSEL at an angle over a GC in the SiN
waveguide.

for this purpose, Figure Such platforms, with silicon-on-insulator (SOI)
waveguides for wavelengths >1100 nm and silicon nitride (SiN) waveguides
for wavelengths <1100 nm, are available with low waveguide loss and low loss
MUXs and DEMUXs [48].

Flip-chip integration of VCSELs at an angle over grating couplers (GCs)
Figure [2.3] enable independent optimization of VCSEL performance. The tilt
eliminates optical feedback to the VCSEL and facilitates unidirectional cou-
pling to the waveguide without the need for e.g., a slanted grating coupler.

2.2.3 VCSEL requirements

While flip-chip integration of a VCSEL over a GC on the Si-PIC offers certain
advantages [49}[50] it is also demanding in terms of the modal properties of the
VCSEL, in addition to the wavelength having to be precisely controlled. Since
the GC is polarization sensitive and with the waveguide being singlemode, the
VCSEL has to be single (fundamental) transverse mode with a stable and linear
polarization state. In addition, to overcome optical losses in the different parts
of the SiP circuit (GCs, MUXs, DEMUXs, and fiber couplers), high output
power from the VCSEL is required.

To fabricate a single transverse mode oxide-confined VCSEL, different ap-
proaches are available. Since the number of transverse modes is controlled by
the size of the oxide aperture, a small aperture (< ~ 3 pm) results in single
transverse mode operation. However, small aperture VCSELSs have high electri-
cal and thermal resistance and therefore limited output power. Higher power
can be achieved with a larger aperture (lower resistance) and a mode filter
etched into the surface of the VCSEL. With a proper size of the mode filter
with respect to the aperture, higher order transverse modes can be suppressed
and singlemode emission with >30 dB suppression of higher order modes can
be achieved [51]. With a grating in the mode filter, the polarization can also
be pinned for >20 dB suppression of the orthogonal polarization mode [52].
If the grating pitch is sub-wavelength, beam degradation due to diffraction is
avoided [53].

10



Chapter 3

Vertical-cavity
surface-emitting lasers

LASER is an acronym for “Light Amplification by Stimulated Emission of Ra-
diation” and describes amplification of a light wave as it propagates inside
a medium with population inversion. Generally, a laser is made of a gain
medium confined inside an optical resonator (cavity) which itself is composed
of two semitransparent mirrors. To establish population inversion for optical
gain, and therefore light amplification, energy has to be supplied to the gain
medium. In a semiconductor laser, the light wave is amplified through the
stimulated emission process in an inverted semiconductor material. The emis-
sion from a laser is coherent and therefore spectrally pure. Lasers have found
many applications e.g., in medicine, communication, manufacturing, and spec-
troscopy.

The first laser, an optically pumped ruby crystal, was demonstrated by
Theodor Maiman in 1960 [54]. Since that day, many kinds of laser with different
size and power for different applications have been demonstrated. Today, nano-
scale size lasers [55] are well established. The largest laser, with size of three
football fields and located at the National Ignition Facility in the United States,
delivers nearly 2 million joules of ultra-violet laser energy in billionth of a second
pulses for fusion research [56].

The VCSEL concept was proposed by Professor K. Iga in 1977 [57] and
demonstrated experimentally in 1979 by Soda and Iga, et. al [58]. The first
room temperature, continuous-wave VCSEL was demonstrated in 1988 [59].
One year later, in 1989, the first low-threshold current (near 1 mA) VCSEL
was independently demonstrated by Jewell and Lee [60,/61]. Moreover, the first
sub-mA threshold current VCSEL was demonstrated by the group of Professor
Coldren in 1990 [62}/63].

11



Chapter 3. Vertical-cavity surface-emitting lasers

3.1 Concept and basic performance

The VCSEL is a semiconductor laser in which the light inside the resonator
oscillates in the direction perpendicular to the active region plane. Therefore,
light is emitted from the surface of the wafer, Figure 3.I}a. The resonator
consists of an active region sandwiched between two mirrors. The active region
contains a direct bandgap semiconductor material embedded in higher bandgap
material. The mirrors are p- and n-type highly reflective ( 99%) DBRs. Optical
gain is established when the pn-junction is forward biased.

In contrast to the VCSEL, the edge-emitting laser (EEL) has a horizontal
resonator and emits light from cleaved semiconductor-air facets, Figure 3.1]b.
In the edge-emitting Fabry-Perot laser, the cleaved facets act as mirrors. Coat-
ings can be applied to the facets to control the amount of light emitted from
each facet. Therefore, an EEL wafer has to be cleaved before lasers can be
tested. On the contrary, all VCSELs on a VCSEL wafer can be tested and
screened on wafer before scribe and break into separate VCSEL dies. This
greatly reduces the cost for laser manufacturing. Because of the vertical geom-
etry, VCSELSs can also be integrated in large 2D arrays.

3.1.1 Active region — optical gain and spontaneous emis-
sion

In a semiconductor laser, the gain medium is, in its most simple form, a thin un-
doped direct bandgap layer (active region) sandwiched between higher bandgap
layers embedded in a pn-junction for current injection and population of states
in the conduction and valence bands by electrons and holes, respectively. Band-
to-band transitions in the active region can be divided into radiative and non-
radiative. In a radiative transition, an electron can make either an upward

./ intensity profile

p-contact p-contact \
T v
-DBR cleaved facet
P /oxide layer
— active region

p-doped

n-doped
\ n-contact

active region

n-contact

substrate intensity profile

(@) (b)

Figure 3.1: Geometry and optical output of (a) an oxide-confined VCSEL and (b)
an edge emitting stripe laser.
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3.1. Concept and basic performance

transition from a valence band state to a conduction band state by absorbing
a photon or a downward transition from a conduction band state to a valence
band state by emitting a photon. In contrast, in a non-radiative transition
phonons are emitted rather than a photon in the downward transition, which
generates heat in the crystal. Radiative transitions are fundamental for opto-
electronic light emitters and detectors.

Radiative transition can be divided into stimulated and spontaneous:

e Stimulated absorption (commonly referred to as absorption only) in which
an electron absorbs a photon and makes a transition from a valence band
state to a conduction band state, leave a hole in the valence band state.

e Stimulated emission in which an electron in a conduction band state
is stimulated by a photon to make a transition to an empty valence
band state, thereby generating a second photon with the same frequency,
phase, and propagation direction (coherent radiation). This requires a
non-equilibrium condition, established by carrier injection in the forward
biased pn-junction.

e Spontaneous emission in which a photon is generated when an electron
in a conduction band state makes a spontaneous transition to an empty
state in the valence band. The photons generated have random phase and
propagation direction and are spread spectrally (incoherent radiation).

The radiative spontaneous emission process involves an electron in the con-
duction band and a hole in the valence band. The transition rate is therefore
proportional to the product of the non-equilibrium electron and hole concen-
trations. Under the assumption of charge neutrality, these are equal. Non-
radiative transitions are caused by crystal imperfections due to defects and
impurities and surface and interface states. The associated transition rate
is directly proportional to the non-equilibrium electron concentration. Non-
radiative transitions can also occur when non-equilibrium electrons and holes
recombine to excite and electron to a higher energy state in the conduction
band. This is referred to as Auger recombination. Since this involves two elec-
trons and one hole, the associated transition rate has a cubic dependence on
the non-equilibrium carrier concentration. As a result, the total spontaneous
recombination rate, R,,(An), becomes [64]:

Ryy(An)=A-An+ B-An® 4+ C - An®, (3.1)

where An is the concentration of excess electrons and holes, assumed equal.
The first and third terms represent non-radiative defect related and Auger
recombination, respectively. The second term represents the radiative sponta-
neous emission process, which generates photons. Spontaneous emission is the
process that initiates lasing in a semiconductor laser.

We next consider the stimulated transition rates. Under equilibrium, with
filled valence band states and empty conduction band states, only upward tran-
sitions (absorption) can occur. Under non-equilibrium, where states in the
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Chapter 3. Vertical-cavity surface-emitting lasers

conduction band are populated and states in the valence band are emptied by
carrier injection, both upward and downward transitions occur. At sufficient
injection, population inversion occurs and the downward transition rate exceeds
the upward. This leads to net stimulated emission and optical gain, another
essential ingredient in semiconductor lasers. With increasing current through
the forward biased pn-junction, and therefore increasing carrier density in the
active region, the spontaneous and stimulated emission rates increase. At a
certain current and carrier density, referred to as the threshold current and the
threshold carrier density, the round trip optical gain balances the round trip
optical loss and lasing starts. With optical loss caused by outcoupling of pho-
tons through the mirrors and internal loss due to free carrier absorption, the
threshold current () and the threshold optical gain (g,,) can be estimated
from:

Va
L = LRy (Ana), (3.2)
1 1 1
S = o+ —1 .
gin F[ozz + ) T [ + 5T n(Rle)]’ (3.3)

where g, V, and n; are the electron charge, active region volume and internal
quantum efficiency, respectively. Anyj, is the threshold carrier density. I is the
optical confinement factor, which defines the overlap between the optical field
in the resonator and the active region. «; is internal optical loss. «,, is the
mirror loss represented by the mirror reflectivities R; and Ry. In a VCSEL,
these are the reflectivities of the two DBRs. Finally, L is the length of the
cavity, which in a VCSEL is the spacing between the DBRs plus the effective
penetration of the optical field into the two DBRs.

In a VCSEL, due to its vertical geometry and limited thickness of the active
region, the round trip optical gain is small. Therefore, highly reflective DBRs
(>99% reflectivity) are used to reduce the round trip optical loss. In addition,
the active region is positioned at the peak (anti-node) of the optical field be-
tween the two DBRs for maximum modal gain. Furthermore, the active region
consists of a number of very thin layers, referred to as multiple quantum wells
(MQWs), where 1D carrier confinement leads to quantization of the electronic
states, which increases optical gain and differential gain through a modification
of the density of states. In addition, the QWs are commonly lattice mismatched
to introduce strain. Strain leads to further modifications of the density of states
and further improvements of gain and differential gain [65]. A high differential
gain improves the modulation speed of VCSELSs used in datacom systems [66].

3.1.2 Mirrors and resonator

Apart from the requirement of the round-trip optical gain being equal to the
round-trip optical loss for lasing to occur, Equation[3.3] the phase of the optical
field propagating inside the resonator must repeat itself after one round-trip:
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2Loness (3.4)

exp(fji—zr 2L)=1— X =
Nefs
where )¢ is the free space wavelength, n.ss is the effective refractive index in
the cavity, and m is an integer representing the longitudinal mode number.
Equation [3:4] defines a large number of longitudinal modes with different wave-
lengths. However, only those within the spectral range where gain is provided
by the MQW:s in the active region can reach lasing.

In a VCSEL, optical feedback and longitudinal (vertical) confinement are
provided by the highly reflective top and bottom DBRs, Figure [3:2] The cav-
ity is very short and the effective length of the resonator is small enough for
only one longitudinal mode to be within the gain bandwidth of the MQWs.
Therefore, the VCSEL is a single longitudinal mode laser.

The DBR is a stack of multiple layers with alternating refractive index.
Each layer is a quarter-wavelength thick, which implies that reflections at the
interfaces add in phase to generate a high reflectivity over a certain optical
bandwidth. Commonly used materials for DBRs used in VCSELs are semi-
conductors and dielectrics. Semiconductor DBRs are prepared by epitaxial
growth techniques while dielectric DBRs are deposited by sputtering with pre-
cise deposition rates. The peak reflectivity of a DBR (at the Bragg wavelength)
depends on the number of layers pairs and the refractive index contrast, An,
between the materials used. The spectral width (stopband) depends only on
An . For instance, a semiconductor DBR with different Al-content AlGaAs
layers has a relatively low index contrast (GaAs/Aly.g0Gag.10As with An=0.49
at 1050 nm [67]) and therefore needs 20-30 pairs for sufficient reflectivity, while
a dielectric DBR typically requires less than 10 pairs to reach >99% reflectiv-
ity (SiOy/TiOg with An=0.9 at 1050 nm ) A hybrid DBR, consisting of
a lower reflectivity DBR stack covered by a layer of metal, or a high contrast
grating (HCG) can also be used to form a mirror with sufficient reflectivity .

Current injection layer Active region
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Figure 3.2: Refractive index profile and optical field intensity (standing wave) prop-
agating along the optical axis of a VCSEL with a 30.5 bottom semicon-
ductor DBR and a 6 pair SiO2/TiO2 top DBR.
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Figure 3.3: Different approaches for transverse optical and current confinement. (a)
etched air post, (b) buried heterostructure, (c) ion implantation, (d)
buried tunnel junction, and (d) oxide aperture.

In this thesis, the VCSELs in Papers B and C have a semiconductor bottom
DBR and a dielectric top DBR, Figure [3.2]

Contrary to an edge-emitting Fabry-Perot laser (Figure [.1]b), where the
emission wavelength is determined by the wavelength of the gain peak, the
wavelength of a VCSEL is determined by the resonance wavelength. This leads
to a reduced temperature dependence of the emission wavelength, similar to
an edge-emitting distributed feedback laser where the wavelength is set by the
reflection from the grating.

3.1.3 Transverse current and optical confinement

In a VCSEL, longitudinal confinement of the resonating optical field is provided
by the DBRs, see Figure [B:I]a. In addition, the optical field has to be confined
in the transverse direction and the current has to be confined to the region
where the optical field is confined.

There are several techniques for transverse optical and current confinement,
such as etched air post [60], buried heterostructure [69], ion implantation [70],
buried tunnel junction (BTJ) [71], and oxide aperture , as shown in Figure
The first VCSELs used an etched air post mesa with transverse opti-
cal confinement provided by the refractive index step at the semiconductor-air
interface. However, while fabrication is simple the design has several issues in-
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cluding large scattering losses from the sidewalls and high thermal resistance.
With regrown semi-insulating semiconductor material around the etched mesa
(the buried heterostructure approach), thermal resistance and scattering loss
are eliminated. However, the regrowth process is challenging. Ion implanta-
tion, with protons deeply implanted in the top-DBR, was used for the first
commercial VCSEL. The implanted region is electrically isolating and there-
fore provides transverse current confinement. However, it does not provide the
refractive index step needed for transverse optical confinement. Therefore, the
modal and beam characteristics of the VCSEL become strongly dependent on
current through thermal lensing and spatial hole burning [73]. Furthermore,
the fabrication of small aperture VCSELs by this technique is difficult. The
BTJ provides both transverse optical and current confinement and has been
successfully used for InP-based VCSELs operating at 1.3 and 1.55 pm. It is
more difficult to implement in a GaAs-based VCSELs due to higher bandgap,
higher resistance tunnel junctions in this material system. GaAs-based VC-
SELs commonly use a high-Al content layer (Aly gsGag g2As) positioned in the
top-DBR close to the active region. After etching a mesa, this layer is sub-
jected to hot water vapor for selective oxidation to form an oxide aperture.
The oxidized layer is electrically isolating and has a lower refractive index than
the non-oxidized layer. The oxide aperture therefore provides both current and
optical transverse confinement. The strength of the transverse optical confine-
ment depends on the size of the aperture, the thickness of the oxidized layer,
and its vertical position relative the longitudinal optical standing wave. De-
pending on the strength, the VCSEL can support one or multiple transverse
modes. Positioning the oxide aperture at a node of the optical field leads to
weak optical guiding which facilitates single mode emission. It also reduces
scattering loss at the aperture [74].

3.1.4 Optical modes

As discussed earlier, in the oxide-confined VCSEL, see Figure [3.1]a, transverse
optical and current confinement is provided by the oxide aperture. The oxide
aperture diameter depends on the mesa diameter, the oxidation rate and the
oxidation time. A small oxide aperture, and therefore a single transverse mode
VCSEL, can be achieved by controlling the required parameters during the wet
oxidation process. A larger oxide aperture leads to a multiple transverse mode
VCSEL. However, in the vertical direction, the VCSEL cavity is sufficiently
short to support only one longitudinal mode within the gain bandwidth of the
QWs. Therefore, the VCSEL is inherently single longitudinal mode, while the
number of transverse modes is defined by the oxide aperture size. Spectra of
a singlemode (SM) and multimode (MM) VCSELs are shown in Figure
The different transverse modes emit at slightly different wavelengths because
of their different effective mode indices. This increases the spectral width of a
MM-VCSEL compared to a SM-VCSEL.

To further study the spectral characteristics of the VCSEL (with cylindrical
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Figure 3.4: Spectrum for a SM-VCSEL with a 4 ym oxide aperture (a) and a MM-
VCSEL with a 10 pm oxide aperture (b).

symmetry), one considers a cylindrical step-index waveguide with the index
step induced by the low refractive index of the oxidized layer. The cylindrical
waveguide has a core diameter equal to the oxide aperture diameter (d,;) and
an index step Ancsr equal to the difference in effective index between non-
oxidized and oxidized regions. An.ss is on the order of 0.01 or less depending
on thickness and positioning of the oxide aperture. Using the wave equation and
the boundary conditions at the core-cladding interface, the transverse modes
supported by the VCSEL can be identified. When Anegf¢«ners, where neysis
effective refractive index of the optical mode in the VCSEL resonator, the
weakly guiding approximation can be used and the transverse modes can
be described in terms of linearly polarized modes, LP,,,, where m and n are the

Figure 3.5: Transverse intensity distribution of the lowest order LP,,, modes.
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azimuthal and radial mode numbers, respectively. In the VCSEL, the lowest
order transverse mode (the fundamental mode) is the LPg; with a Gaussian
transverse intensity distribution, Figure [3.5]

However, under current injection the modal analysis becomes more complex
due to the self-heating and presence of carriers in the active region. Self-heating
results in thermal lensing which leads to stronger transverse confinement of
the optical fields. The presence of carriers in the active region leads to gain
guiding [76] and anti-guiding through the plasma effect. Therefore, the number
of guided modes varies with current. In addition, spatial hole burning caused by
intense stimulated emission in regions with a high photon density leads to mode
competition and switching. An accurate analysis of the modal characteristics
of a VCSEL and their dependence on current and ambient temperature thus
requires a self-consistent treatment that accounts for the built-in index step,
gain guiding, carrier anti-guiding and spatial hole burning.

3.1.5 Static performance measures

Of primary importance for the static (DC) performance of a VCSEL is the
dependence of output power, voltage and emission spectrum on current. For
the current-power-voltage (IPV) measurements, the VCSEL is biased by a DC
current source at different currents and its voltage at each current is measured
by the DC source and delivered to a multimeter. Emitted light from the VCSEL
is collected by a reverse biased large area PD or an integrating sphere and
converted to a photocurrent. The PD/sphere must be close enough to the
VCSEL to collect all light emitted. For GaAs-based 850-980 nm VCSELs,
a Si-based PD is suitable, while a Ge or InGaAs-based is needed at longer
wavelengths. The generated photocurrent is measured by a load resistance (50
Q) connected in parallel to the multimeter. Moreover, a temperature controller
sets and controls the VCSEL ambient temperature. If measurements of power
along a certain polarization is needed, a polarizer is positioned between the
VCSEL and the PD/sphere. In this case, because of the large dimensions of
the polarizer, the distance between the VCSEL and the PD/sphere is too long
for collecting all the light emitted by the divergent VCSEL beam. Therefore,
an anti-reflection (AR) coated lens with sufficient numerical aperture (NA) is
placed above the VCSEL to collimate the VCSEL beam.

For spectral measurement, the VCSEL is biased with the same DC source.
Here, the VCSEL beam is collected by a butt-coupled bare optical fiber posi-
tioned just above the VCSEL and connected to an optical spectrum analyzer
(OSA). However, if either the VCSEL aperture is too large or the beam is too
divergent, a large NA AR-coated lens package is required to couple the VCSEL
beam to the optical fiber with high efficiency.
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3.2 Dynamic characteristics and performance m-
easures

Data centers interconnects are dominated by VCSEL-based OlIs and their ca-
pacity depends on the VCSEL dynamics. To encode data on the light emitted
by the VCSEL, its intensity is directly modulated by the current. The VCSEL
must be fast enough to react to changes in the current at the data rate con-
sidered. Since electron-hole recombination is associated with a certain lifetime
(the differential carrier lifetime) and since it takes a certain time for gener-
ated photons to escape from the resonator (the photon lifetime), the VCSEL
cannot be modulated infinitely fast. Therefore, a proper and intelligent de-
sign is needed for a high modulation bandwidth. The dynamic properties of a
VCSEL, like any other directly modulated semiconductor laser, are described
by the resonant interaction between injected carriers in the active region and
photons in the lasing modes of the resonator. This interaction is described by
rate equations for the carrier and photon densities [66]:

AN ;1

dSm _ Sm 2

where N is the excess carrier density in the active region and I is the bias
current. A, B and C are the Shockley-Read-Hall, the radiative and the Auger
recombination coefficients, respectively (Equation . vy is the active region
group velocity, G the active region optical gain per unit length, .S,, the photon
density in mode m, 7, the photon lifetime and 3 the fraction of the spontaneous
emission that adds to the photon density of the modes. The subscript m in
Equations and indicates that for each transverse mode of the VCSEL,
a separate rate equation for the photon density is needed. However, in an
oxide-confined VCSEL where the transverse optical fields are strongly overlap-
ping, due to the index guiding, a single rate equation for the photon density is
sufficient for capturing the most important aspects of VCSEL dynamics [77].
At high photon densities, gain compression due to nonlinear effects such as
spectral hole burning and carrier heating [78] occur, and this can be accounted
for by a photon density dependent optical gain:

_ 9(N)
1+eS’

G(N,S) (3.7)
where g and € are the uncompressed gain coefficient and gain compression
factor, respectively.

Equations [3.5] and [3.6] are coupled differential equations and have to be
solved numerically under arbitrary variations of the injection currents. How-
ever, under small-signal modulation and using a single rate equation for the
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photon density, an analytical solution can be derived which yields a transfer
function H;(f) for the intrinsic small-signal modulation response:

17

H;(f) = const » ———"———,
z FE=1*+id

(3.8)

with [79):
1 VggoS
R | — 3.9
4 2r\/ 7, (1 +S) (39)
and:
vy~ Kf?+7, with K =472 |:Tp + E} , (3.10)
Vg90

where f, is the resonance frequency, v the damping rate, gy the differential
gain, 7o the damping offset and K is referred to as the K-factor. This shows
that the intrinsic response of the VCSEL is that of a second order system and
is therefore characterized by a resonance frequency and a damping rate.

The modulation bandwidth, f34p, is defined as the frequency at which the
response is half of its low frequency value. Since damping increases with cur-
rent, the intrinsic maximum bandwidth of the VCSEL is ruled by the Equation
A high resonance frequency, favored by a high photon density, a short
photon lifetime, and a high differential gain, is still needed for a high modu-
lation bandwidth. The photon density and lifetime are largely controlled by
the reflectivity of the DBR through which light is coupled out (usually the
top-DBR) and a high differential gain is achieved by strained QWs in the ac-
tive region. With both resonance frequency and damping rate increasing with
current and photon density, and with the damping rate increasing faster (yo.S)
than the resonance frequency ( froc\/S), the maximum intrinsic bandwidth is
limited by the K-factor |66]:

Wor
AT 11
T (3.11)

The increase of the resonance frequency with current and photon density, Equa-
tion [3.9] is quantified by the D-factor:

1 [mr
fr=D-VI=Ty, with D= "qvvg.go. (3.12)

A high resonance frequency is therefore also favored by a small active region
volume, as we have in a small aperture VCSEL. The high D-factor achievable
with a properly deigned VCSEL translates to a high resonance frequency at a
low current, which is important for energy-efficient, high-speed VCSELSs.
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Figure 3.6: Measurement setup for small-signal modulation response.

At high internal VCSEL temperature, caused by a high ambient tempera-
ture and/or current-induced self-heating, thermal effects limit the bandwidth
by reducing the differential gain and increasing the leakage current from the
MQWs (reducing the internal quantum efficiency). Furthermore, at high mod-
ulation frequencies, the parasitic capacitance (primarily over the oxide layer)
shunts the modulation current past the active region, which also reduces the
modulation response. To include the effects of parasitics in the small-signal
modulation response, Equation [3.8]is modified as:

17 1
F=fridy 1+if

H;(f) = const - (3.13)

where f, is parasitic cut-off frequency. As a result, a VCSEL design with
low electrical resistance, low capacitance, low heat generation and low thermal
impedance is important for a high modulation bandwidth. The DBR resistance
is reduced by graded composition interfaces and modulation doping, or mostly
eliminated by an intra-cavity contact design [80]. The parasitic capacitance
across the oxide layer can be reduced by introducing extra oxide layers [79}(81].
Lower thermal impedance can be achieved by employing binary alloys in the
DBR to the extent possible considering the wavelength [82].
To experimentally determine the dynamic characteristics of a VCSEL (f,,
e, v, fp and their dependence on current), the small-signal modulation re-
sponse (S21) is measured and the transfer function in Equation [3.13]is fitted to
the measured response. Subsequently, the D- and K-factors can be extracted.
So1 is measured using the setup shown in Figure A small sinusoidal modu-
lation current, generated by a vector network analyzer (VNA), is superimposed
on the bias current through a bias-T and applied to the VCSEL using a high
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frequency RF probe. The VCSEL beam is coupled to a tilted MMF through
an AR coated lens package. A variable optical attenuator (VOA) connects the
MMF to a high-speed PD with the output connected to the VNA. The VOA
is used to avoid saturating the PD. Before the fitting, the VCSEL frequency
response is de-embedded from the measured response by accounting for the fre-
quency dependent insertion loss of the RF probe and PD frequency response.

For the large signal modulation response, which is what is relevant for a
VCSEL used in a datacom link, a pseudo-random data signal is generated by
a pattern generator according to the desired modulation format and fed to
the VCSEL through the bias-T. After detection of the optical signal generated
by the VCSEL by an optical receiver, the received signal is analyzed using
eye-diagrams and an error detector. The eye diagram reveals the transient
dynamics, including rise- and fall-times and whether excessive overshoot and
ringing causes timing jitter and inter-symbol interference due to an insufficient
damping of the modulation response. The error detector is used to determine
the bit-error-ratio (BER), which is a measure of the probability that data bits
are incorrectly decoded.
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Chapter 4

Monolithic multi-wavelength
VCSEL arrays

The VCSEL is the dominating light source for short-reach OlIs because of its
superior cost and power efficiency [18]. Today, higher speed VCSELSs [83] are
commercialized, which together with higher order modulation formats [84] en-
able lane rates beyond 100 Gbit/s [23]. Multiple (parallel) fibers provide an
aggregate capacity of more than 400 Gbit/s [18]. Further improvements of the
aggregate capacity can be achieved using multiple cores per fiber (SDM) |65 or
multiple wavelengths per fiber (WDM) [27]. This allows for scaling the capacity
of VCSEL-based OIs much beyond 1 Thit/s [28].

As described in Section a WDM based transceiver, known as SWDM4,
with four-channel coarse WDM (CWDM) and 30 nm channel spacing (850,
880, 910, 940 nm) enables up to 400 Gbit/s (4 x 100 Gbit/s) single fiber ca-
pacity [26l/27]. In such transceivers, the VCSEL are discrete, rather than being
monolithic multi-wavelength arrays, since they are fabricated from different
epitaxial wafers. This leads to a large footprint. With an increasing number of
wavelengths, the footprint will be even larger, which becomes increasingly prob-
lematic for applications requiring small footprint and high bandwidth density,
such as transceivers for co-packaged optics [85].

Monolithic multi-wavelength VCSEL arrays with densely spaced VCSELs
lead to a smaller footprint and higher bandwidth density. However, in such
arrays, the number of channels and the channel spacing are limited by the
optical gain bandwidth of the active region in the VCSEL. On the other hand,
a channel spacing sufficiently large is needed to accommodate for wavelength
drift with temperature. For GaAs-based VCSELs at ~ 1 um, with a drift
of ~ 0.1 nm/°C and considering for the limited gain bandwidth, arrays of 4
to 8 channels with a corresponding spacing of 8 to 4 nm, depending on the
temperature range, seems reasonable for uniform performance over the array.

A small footprint and a high bandwidth density also require a compact
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integration platform for multiplexing and fiber coupling. While SOI waveguides
absorb at the short wavelengths of GaAs-based VCSELs, SiN waveguides on
Si are transparent, while also being CMOS compatible [86]. Therefore, a SiN
PIC on Si, with low loss waveguides, MUXs and tapered fiber couplers [87], is
a suitable integration platform (Figure .

In addition to being high-speed, there are three main requirements on the
VCSELSs in a monolithic multi-wavelength VCSEL array for use in a CWDM
transmitter. Each VCSEL has to be single transverse mode and linearly po-
larized because of the GC used to couple the light from the VCSEL to the
SiN waveguide and because the SiN waveguide is a SM waveguide. Moreover,
the wavelengths of the VCSELSs in the array need to be precisely set with a
specific channel spacing. In this work, the intra-cavity phase tuning technique
is used to set the wavelengths. Intra-cavity phase tuning is a technique where
the cavity length, and therefore the emission wavelength, of a VCSEL with an
epitaxial bottom-DBR, active region and current injection layer is modified be-
fore the deposition of a dielectric top-DBR. The cavity length can be changed
by thinning either the semiconductor current injection layer above the active
region [46] or an additional dielectric layer above the current injection layer [45]
before top-DBR. deposition. While intra-cavity phase tuning is most effective
in controlling the resonance wavelength, it requires precise etching or deposi-
tion for accurate wavelength control. To achieve the required linearly polarized
single transverse mode, the integration of a transverse and polarization mode
filter on the surface of an 850 nm VCSEL with a semiconductor top-DBR has
been explored.

4.1 Wayvelength setting

In a CWDM transceiver, the wavelength of each VCSEL in the array and the
spacing between the wavelengths (the channel spacing) have to be precisely set.
In this work (Papers A, B and C), intra-cavity phase tuning by thinning of the
current injection layer before the top dielectric DBR deposition has been used
for wavelength setting. An Ar-ion-beam etching (Ar-milling) process was used
to thin the current injection layer. Ar-ion-beam etching is a pure physical etch
process (Ar is a noble gas with very low chemical reactivity) with slow etch rate
(~ 3 nm/min with 3 mA beam current) and provides sub-nanometer precision
in etch depth. As a result, the cavity becomes shorter and consequently the
resonance wavelength is blue-shifted, at a rate of ~ 0.95 nm/nm for the VCSELSs
used here. In addition, Ar milling must not introduce additional roughness in
the etched area. This is essential for high performance VCSELs since a rough
surface would cause optical scattering loss, which would degrade performance
(increase the threshold current and reduce the slope efficiency) because of the
high optical field intensity at the semiconductor-dielectric interface close to the
center of the resonator. Surface scanning of etched and unetched areas using
atomic force microscopy (AFM) revealed that the etched area is as smooth as
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the unetched, see paper A.

To form the full cavity (bottom semiconductor DBR + semiconductor active
region + top dielectric DBR), 6 pairs of SiOy/TiOs with quarter-wavelength
thickness were sputtered on the etched surface. Deviations in thickness from a
quarter-wavelength (ideally 182 and 116 nm, respectively, at the center wave-
length of 1055 nm) lead to a change in the reflection phase and therefore in the
resonance wavelength. Errors in the first dielectric DBR pair have the largest
impact, while errors in pairs further away from the cavity have less impact.
For instance, a 5 nm error in the first pair layers shifts the resonance wave-
length by 1.4 nm, while the same error in the second pair shifts by only 0.6
nm. The thickness of the topmost layer (TiO2) is also important. While it
has the least impact on the resonance wavelength, it affects other parameters,
like the photon lifetime and therefore threshold current, slope efficiency and
modulation speed, due to the high refractive index step at the TiOs-air inter-
face. To minimize errors in the dielectric DBR layers, measurements of the
thickness and refractive index of each layer are required. This was done by
depositing the layers individually on an adjacent Si wafer and measuring the
required parameters by ellipsometry before depositing the next layer. If more
material was needed, it could be deposited to achieve the correct thickness.

The choice of wavelengths (1040-1070 nm) is motivated by the opportu-
nities for 1) developing even high-speed singlemode VCSELs at these wave-
lengths, 2) longer transmission distance since both fiber chromatic dispersion
and attenuation is lower than at 850 nm [88], 3) multiplexing in a SiN PIC
on Si with flip-chip integrated multi-wavelength VCSEL arrays [49], and 4)
lower-voltage multi-channel drivers to form compact and energy-efficient high-
capacity CWDM transmitters.

4.2 Array uniformity

Uniformity limitations of monolithic multi-wavelength VCSEL arrays, in terms
of static and dynamic performance, are discussed in this section. Uniformity of
static performance requires uniformity of threshold current and slope efficiency,
while uniformity of the dynamic performance is quantified by the uniformity of
resonance frequency, maximum bandwidth, damping rate, and parasitic cut-off
frequency.

In a monolithic multi-wavelength VCSEL array with wavelengths set by
intra-cavity phase tuning, uniform performance in terms of threshold current
and slope efficiency over a certain wavelength range requires careful consid-
eration of the spectral dependence of three parameters. These are the DBR
reflectances, the optical confinement factor, and the optical gain in the QWs,
which control the variation of cavity loss and modal gain with wavelength.
Critical balancing of these dependencies is needed for uniformity in terms of
e.g., threshold current and slope efficiency. Thinning the phase tuning layer not
only shifts the wavelength, but also moves the optical standing wave and there-
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fore the overlap with the QWs (the confinement factor) becomes wavelength
dependent. Small variations of slope efficiency can be achieved by spectral
matching of the DBR reflectances. This is accomplished by spectrally aligning
of the bottom-DBR (with narrower bandwidth) with the highest reflectance
region of the top-DBR (with wider bandwidth), see Figure 4 in Paper B. In
case of any misalignment, the slope efficiency drops and the threshold current
increases. Small variations of the threshold current require small variations of
the threshold carrier density, Equation [3:2} This can be achieved by proper
spectral alignment where the wavelength dependence of threshold gain bal-
ances the wavelength dependence of optical gain, resulting in small variations
of threshold current over wavelength, see Paper B.

The dynamic performance of a VCSEL is described by several parame-
ters, including most importantly the D- and K-factors and the parasitic pole
frequency. In a monolithic multi-wavelength VCSEL array fabricated by the
intra-cavity phase tuning technique, the wavelength dependence of these pa-
rameters determines the wavelength dependence of the modulation response
and the associated bandwidth and damping characteristics. Because the VC-
SEL array is monolithic, and assuming all VCSELs have the same aperture
size, the electrical resistance and capacitance should be the same for all VC-
SELs. This implies that the parasitic pole frequency should be the same. With
good uniformity of threshold current and slope efficiency, the output power
and photon density at a certain current should also be similar among the VC-
SELs in the array. Furthermore, the nearly equal DBR reflectances and cavity
lengths implies that the photon lifetimes and the optical confinement factors
are nearly the same (see Paper B). The remaining parameter of importance
for the D- and K-factors (Equations and [3.12), and therefore the modu-
lation response and the damping characteristics, is the differential gain. The
differential gain, which is larger on the short wavelength side of the gain peak
than on the long wavelength side (see Paper B, Figure 7) and therefore in-
creases when the wavelength is reduced, is more wavelength dependent than all
other parameters. It is therefore expected that the D-factor, and therefore the
resonance frequency, is higher at short wavelengths (Equation and that
the K-factor, and therefore the damping rate, is lower at short wavelengths.
To confirm this, the modulation response (Sz1) of the single-mode VCSELSs
in Paper B was measured using the setup shown in Figure [3.6] and the trans-
fer function in Equation [3.13] was fitted to the measured response to extract
the D- and K-factors. The results shown in Table confirm the expected
dependencies. To what extent these variations affect the variation of modula-
tion bandwidth and damping with wavelength depends on to what extent the
modulation response is limited by parasitics and the intrinsic response.
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Table 4.1: D- and K-factors extracted from the measured modulation response for
the different wavelength single-mode VCSELSs in Paper B.

’ Mnm) D (GHz/vmA) K (ns) ‘

1066.9 6.951 0.30
1059.7 7.851 0.203
1052.2 10.195 0.179
1043.2 11.531 0.196

4.3 Transverse and Polarization Mode Control

The use of an integrated transverse and polarization mode filter for selecting the
fundamental transverse mode and pinning the polarization was explored with a
full semiconductor VCSEL at 850 nm (Paper D). The VCSEL is a GaAs-based
oxide-confined VCSEL with a relatively large oxide aperture (5 pm). The large
aperture reduces the electrical resistance, which increases the output power
through reduced self-heating. However, the large aperture supports multiple
transverse modes and the polarization of these modes is not controlled because
of the circular symmetry of the VCSEL.

To control the polarization and select the fundamental mode, a transverse
and polarization mode filter is used (Paper D). The mode filter is a sub-
wavelength grating etched in an area with a diameter less than the diameter
of the oxide aperture (3 pm), see Figure [d.1] Before etching, the topmost layer
optical thickness is a half wavelength and therefore acts as an anti-phase reflec-
tor for all modes. After mode filter etching, the optical thickness is reduced to
a quarter wavelength in the etched area and the layer then acts as a spatially
selective in-phase reflector. Therefore, its spatial extent controls the transverse
mode selectivity . The sub-wavelength grating creates as a polarization
dependent effective index medium. Therefore, the effective index for parallel
and perpendicular polarized light to the grating lines is different and results in

transverse and
polarization mode filter

p- DBR
active region

n- DBR

oxide aperture

@ (b)

Figure 4.1: (a) An oxide-confined VCSEL with a sub-wavelength grating mode filter
etched into the surface. (b) Top view of the mode filter.
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anti-phase and in-phase reflection, respectively [89]. Thus, the spatial extent
of the filter controls the transverse mode selectivity while the orientation of
the grating lines provides polarization mode selectivity. The sub-wavelength
grating pitch, in contrast to a pitch larger than the wavelength, also avoids
excessive optical loss and beam degradation due to diffraction. A record high
output power of 6 mW was achieved with >30 dB suppression of higher order
transverse modes and >20 dB suppression of the orthogonal polarization mode.

While this technique has been successfully explored for 850 nm VCSELs
with a top semiconductor DBR, the technique should also be applicable to ~ 1
pm VCSELs with a dielectric DBR. However, this remains to be proved.

30



Chapter 5

VCSEL integration on silicon
photonic integrated circuits

Over the past decade, SiP has attracted increasing attention and vast resources
have been invested in the development of PICs [90]. At the core of these
efforts is the opportunity to merge optical and electrical circuits on Si [91493].
Ideally, all components should be CMOS compatible. Being CMOS compatible
implies the use of established CMOS fabrication processes also for the photonic
components. The CMOS technology allows for high-volume and high-yield
production, which reduces the cost of manufacturing. Both SOI for wavelengths
> ~ 1 pm and SiN-on-silicon for wavelengths also in the very-near-infrared
and the visible, enable PICs with low loss and small footprint. Many of the
key components, e.g., low loss waveguides, MUXs, DEMUXs, and couplers are
readily available on both platforms |94] and are used in many applications, e.g.,
optical communication [95], sensing [96] and spectroscopy [97].

5.1 Integration techniques

The remaining obstacle to achieve fully functional SiP PICs is the lack of an
ideal on-chip light source. The problem originates from the fact that Si is
an indirect bandgap material and therefore cannot efficiently emit or amplify
light. Although there are efforts to epitaxially grow CMOS compatible direct
bandgap material on Si, e.g., Ge-based [98], most efforts involve the use of
direct bandgap I1I-V materials for efficient light amplification and generation.

There are several techniques for light source integration on SiP PICs, in-
cluding monolithic, heterogeneous and hybrid [91]. Monolithic integration of
ITI-V lasers on Si, where the III-V material is epitaxially grown on the Si sub-
strate, may be the ultimate goal to unlock the full potential of SiP PICs with
dense integration of efficient light sources. For instance, for high-capacity on-
chip interconnects, more than 1000 optical channels may be required to achieve
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a total bandwidth of ~ 10 Thit/s with high efficiency [99]. On the other hand,
the growth of III-V semiconductors on Si is challenging. This is because of the
large mismatch in lattice constant between the III-V semiconductors and Si,
e.g., 8% for InP on Si and 4% for GaAs on Si, which results in dislocations and
degradation of laser performance. Therefore, other integration approaches are
explored [984100].

In heterogenous integration, epitaxial III-V films are bonded to the Si-PIC
by either direct or adhesive bonding [101]. This is followed by post-processing
to create an on-PIC laser. In direct bonding, the films are bonded without
any intermediate layer at high temperature using intermolecular forces, e.g.,
Van der Waals forces and covalent bonds. The bonding requires smooth, clean,
and flat surfaces [102]. Adhesive bonding is more forgiving in terms of surface
roughness and contaminations and is therefore the preferred technique in many
cases. Examples of bonding agents are SU-8 and benzocyclobutene (BCB).
Adhesive bonding is done at a lower temperature than direct bonding, and the
quality of bonding depends on parameters like adhesion material and thickness,
temperature and the pressure applied [103]. While heterogeneous integration
is a promising approach to III-V light source integration on Si, it is not strictly
CMOS compatibility, but rather a back-end process.

Hybrid integration is based on opto-mechanical mounting of pre-fabricated
devices on the Si-PIC by pick-and-place techniques. This includes flip-chip
integration [49], transfer printing [104], butt- or edge-coupling [105] and micro-
optical-bench (MOB) integration [106], or a combination of these methods. For
butt-coupling, the light source is aligned to a waveguide facet of the PIC with
critical alignment tolerances. Contrary to butt-coupling, flip-chip integration,
transfer printing, and MOB integration use a GC to launch the light into the
Si-PIC. The MOB contains not only the light source but also micro-optical
elements for beam collimation and redirection. However, the MOB has a rela-
tively large footprint [49]. Transfer printing involves pick-up of pre-processed
device coupons from a source wafer and subsequent printing on the target PIC
wafer using a stamp. This approach allows for simultaneous printing of a large
number of coupons, which improves the production throughput and reduces
cost. Flip-chip integration creates a mechanical and electrical bond between
the light source and the PIC by soldering. The next section of this chapter
introduces flip-chip integration of VCSELs, which is the integration approach
explored in this thesis (Paper E).

5.2 VCSEL flip-chip integration

The unique characteristics of VCSELSs, including surface-normal emission, low
power consumption, and small footprint (smaller than most other light sources),
make the VCSEL an interesting light source for flip-chip integration over a GC
[49,/107H109]. A flip-chip integrated VCSEL occupies an area about an order of
magnitude smaller than a typical MOB. Moreover, with flip-chip integration,
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the performance of the VCSEL can be independently optimized and tailored
for the specific requirements set by the PIC and the application. With the
GC being sensitive to polarization and the Si or SiN waveguide being SM, for
high coupling efficiency the VCSEL must be SM and properly polarized with
respect to the grating lines. Both of these requirements are met by the VCSEL
presented in Paper D, which also provides the high optical power needed to
cope with the optical losses in the PIC. However, SM-VCSELSs are sensitive to
optical feedback [110] and therefore optical back-reflection to the VCSEL must
be avoided. In addition, most applications require uni-directional coupling to
the waveguide. Both requirements can be met by flip-chip integration at an
angle with respect to the surface of the GC. Flip-chip integration of a VCSEL
on a SiN PIC is illustrated in Figure [2:3] For a specific GC, coupling efficiency
and optical feedback depend on the VCSEL die size and flip-chip angle, and
whether the coupling is co-directional or contra-directional. In Paper E, a
numerical study using finite-difference time-domain (FDTD) simulations for
investigating the dependence of coupling efficiency and optical feedback on
flip-chip angle and VCSEL die size is presented. For the numerical study,
a simple GC design with straight grating lines and uniform pitch was used
to examine general trends and dependencies. Paper E also presents results
from experimental work where the VCSEL in Paper D was used for flip-chip
integration over a GC on a SiN PIC. Here, a more advanced GC design for
higher coupling efficiency was used.

One potential application of VCSEL flip-chip integration on a Si-PIC is for
co-packaged optics in datacom transceivers (Figure . By flip-chip integra-
tion of monolithic multi-wavelength VCSEL arrays (Paper B) on a SiN PIC
for multiplexing and fiber coupling, a compact and energy-efficient transmit-
ter module for high-capacity wavelength-multiplexed OIs can potentially be
built [87].

5.3 On-PIC VCSEL-to-photodetector optical link

Paper E presents a unique on-PIC VCSEL-to- PD optical link, with flip-chip
integrated VCSELs and PDs. A schematic of the optical link is shown in Fig-
ure p.1la. At the input, a VCSEL is flip-chip integrated at an angle over a
GC, which couples the VCSEL beam to a SM SiN waveguide. At the output,
a GC couples the light from the waveguide to a flip-chip integrated PD. The
PD integration angle is 0°. The PD converts the output light to a photocur-
rent. A microscopic image of the on-PIC VCSEL-to-PD optical link is shown
in Figure [5.1]b. Flip-chip integration of the VCSEL and PD requires high ac-
curacies in positioning over the GCs as well as high accuracy in the VCSEL
angle. Otherwise, the insertion loss, which is primarily controlled by the GC
coupling efficiencies, will increase. The 850 nm VCSEL presented Paper D,
with an integrated transverse and polarization mode filter, is used for flip-chip
integration over the input GC. The target integration angle is 11° and the GC
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Figure 5.1: On-PIC VCSEL-to-PD optical link with contra-directional coupling at
the input and co-directional coupling at the output. (a) schematic il-
lustration and (b) microscope image.

is a dual-etched GC with constant grating period and straight lines. The input
GC is connected to a SM SiN waveguide through a tapered section for adiabatic
coupling. The SiN waveguide core is sandwiched by SiOs cladding layers. At
the output, another tapered section connects the waveguide to the output GC.
The output GC is a single-etched grating with constant period and straight
lines. Top and side view schematics of the SiN-PIC are shown in Figure
The input GC with a 480 nm grating period provides contra-directional cou-
pling, while the output GC with 580 nm grating period provides co-directional
coupling, both at 11°. The output light is collected by a GaAs-based PD with a
20 pm diameter optical aperture and responsivity of 0.4 A/W at 850 nm. The
PD is from the VI Systems (D20-850C) and the SiN-PIC is fabricated on the
imec BioPIX300 platform [111]. An insertion loss of 20.1 dB was been mea-
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Figure 5.2: (a) PIC top view showing the input and output GCs, the SM waveg-
uide, and the tapered waveguide sections connecting the GCs to the SM
waveguide. Cross-sections of the input GC (contra-directional), the SM
waveguide, and the output GC (co-directional) along the propagation
direction are shown in (b), (c¢), and (d), respectively.
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sured for the VCSEL-PD optical link. Significant improvements are expected
with optimized GC designs.
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Chapter 6

VCSEL fabrication

The epitaxial VCSEL structures used in this work were grown using the metal-
organic chemical-vapor deposition (MOCVD) and provided by IQE Europe Ltd
and Jenoptik Optical Systems GmbH. MOCVD provides a good compromise
between growth rate and control of layer thickness, composition, and doping.
ITT-metals (Al, Ga, In) are transported into a reactor using gaseous organic
compounds. They react with arsine (AsHz) and adsorb on the heated sub-
strate to form III-As epitaxial films. Introducing Si or carbon to the reactor
results in n-type and p-type doping, respectively. After epitaxial growth, sev-
eral processing steps are needed for the work presented in this thesis. In this
chapter, some of the critical steps for the fabrication of multi-wavelength VC-
SEL arrays and VCSELs with an integrated transverse and polarization mode
filter are discussed.

6.1 Metallization and selective oxidation

To be able to inject or extract current to and from any optoelectronic device
with low resistance, ohmic contacts are needed. Thin metal films are usually
deposited by electron beam evaporation, in which metal vapors are generated
when a high-energy electron beam hits the metal source and are deposited
on the sample. The deposition rate is accurately controlled by monitoring the
mechanical resonance frequency of a crystal. The resonance frequency decreases
with increasing film thickness. This evaporation technique was used to deposit
Ti/Pt/Au p-contacts and Ni/Ge/Au n-contacts. Depositing the p-contact on
a highly p-doped GaAs layer results in an ohmic contact with low resistivity.
On the other hand, the n-contact deposited on highly n-doped GaAs requires
annealing at 380°C for 1 minute for ohmic behavior with low resistivity.

In an oxide-confined VCSEL, the oxide aperture is formed by selective wet
oxidation of a high-Al content AlGaAs layer by subjecting the etched mesa
sidewall to hot water vapor at 420°C. A nitrogen bubbler is used to carry water
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vapor from a water container held at 95-97°C to the oxidation furnace. Us-
ing an array of infrared light emitting diodes (LEDs) and a microscope with
a charge coupled device (CCD) camera enable in-situ observation of the wet
oxidation. The oxide aperture can be distinguished by the difference in reflec-
tivity between oxidized and non-oxidized areas. The oxidation rate is highly
dependent on the furnace temperature and the Al concentration with even a
small temperature gradient across the sample leading to large differences in
oxidation rate. Since our furnace temperature is not uniform, the chip was
turned 180 degrees half-way through the oxidation to improve uniformity. The
oxidation rate for Al gsGag.o2As is approximately 0.3 pm/min, and roughly
twice faster than for Alg 9sGag gaAs.

6.2 Etching for intra-cavity phase tuning

Etching of semiconductors can be done using wet or dry etching. The most suit-
able technique depends on requirements of etch rate, selectivity, and anisotropy.
Wet etching is intrinsically chemical and anisotropic. For GaAs, wet etchants
contain an oxidizer like HoO5 to oxidize the GaAs surface and an acid that
dissolves the oxide. Since the etch rate of wet etching depends on the material
composition and doping level, and with the etching being more isotropic, in
this work dry etching with ions generated in a plasma and accelerated towards
the sample by an electric field was used for the intra-cavity phase tuning. The
incident ions can be neutral or reactive for pure physical (sputtering) or chemi-
cal etching, or a combination thereof. Since a precise, stable, and reproducible
etch rate, independent of material composition and doping, was needed we used
pure physical etching with neutral ions.

The technique used is Ar-ion-beam etching in an Oxford Ionfab 300 Plus
system equipped with an electron emitter for neutralizing the ion-beam and
a rotating sample holder for uniform etching over large areas. The etch rate
depends on the applied electric field (ion kinetic energy) and the ion beam
current (ion density). In this work, the beam current was set to a low value
of 3 mA while the Ar flow rate for both the beam and the neutralizer was set
to 4 sccm. The voltage controlling the electric field was set to a low value of
300 V. The sample, which was rotated at 3 rpm during etching, was patterned
with photoresist (positive photoresist AZ 1512) to enable measurements of etch
depth using AFM. An AFM tool (SPM-Bruker Dimension 1300) was also used
for measurements of surface roughness.

6.3 Dielectric DBR deposition

In this work, the dielectric DBR was deposited using a sputtering technique.
In sputtering, energetic atoms, Ar in this case, are generated in plasma and
bombard a target. The Ar ion energy is high enough to overcome the binding
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energy of the target particles. As a result, these particles are sputtered away
from the target and coat the surface of the sample. For conducting targets,
DC sputtering is used where the target has a DC bias. Therefore, there is no
accumulation of charge on the surface of the target. For insulating targets, RF
sputtering is used.

Reactive sputtering is used when thin films of compound materials are re-
quired. In reactive sputtering, a reactive gas is injected to the chamber and
reacts with the particles of the target and form the thin film. The sputtering
tool used in this work was an FHR MS 150. O2 was used as the reactive gas to
deposit SiOs and TiOy. The O flow was set to 15 sscm for SiO4 and 4 scem for
TiO; and the Ar flow was set to 40 sccm for both films. Six pairs of SiO/TiOq
were deposited one by one to build the dielectric DBR. The thickness of each
film was controlled by the deposition time. To minimize the errors in optical
thickness, the physical thickness and refractive index of each layer were mea-
sured by ellipsometry before the deposition of the next layer. This was done by
also depositing the layer on an adjacent Si wafer. If needed, additional material
was deposited to reach the correct thickness.

6.4 Mode filter integration

The sub-wavelength grating mode filter was defined as the first step in the
fabrication. Since the mode filter should be exactly at the center of the oxide
aperture, electron beam lithography and metal alignment marks were used.
The same alignment marks were also used to define the VCSEL mesa by electron
beam lithography. Therefore, the mode filter and the oxide aperture were
perfectly aligned. Dry etching was used to etch the grating into the top GaAs
layer. Although a combination of reactive etching and physical sputtering
could be used to form the sub-wavelength grating, Ar ion-milling was used for
pure physical etching. Ar ion-milling provides the precise control of etch depth
needed for the sub-wavelength grating.
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Outlook and future directions

The project ultimately aimed at demonstrating a monolithic multi-wavelength
array of high-speed VCSELs in the wavelength range ~1030-1070 nm, with
each VCSEL being SM and linearly polarized, and the flip-chip integration of
this array on a SiN waveguide platform for multiplexing and fiber coupling.
In terms of the VCSEL array, this requires a technique for precise wavelength
setting of individual VCSELs in the array, a technique for transverse and po-
larization mode control, and a high-speed VCSEL design. In terms of the SiP
platform, this requires grating couplers with high coupling efficiency, low loss
SiN waveguides, a low loss MUX, and a low loss fiber coupler. In addition, flip
chip integration requires high accuracy in VCSEL positioning and angle.

Intra-cavity phase tuning was shown to enable the precision in wavelength
setting needed (Paper A). Next, the technique was used to demonstrate mono-
lithic 4-channel multi-wavelength VCSEL arrays with precisely controlled wave-
lengths and channel spacing (8 £+ 1 nm) and with a small variation of threshold
current and slope efficiency across the channels (Papers B and C). However,
there is room for improvements, as shown in Paper B, a slight blue-shift of the
wavelengths would improve the balancing of all spectral dependencies for even
greater uniformity of threshold current and slope efficiency across the array.
With the wavelength of individual VCSELs being controlled by not only the
precision of the intra-cavity phase tuning process, but also by the precision in
thickness and composition of the layers in the epitaxial semiconductor part, we
conclude that the fabrication of multi-wavelength VCSEL arrays on full 4” or
6” wafers with high yield is challenging, even with state-of-the-art equipment
for epitaxial growth, etching, and deposition.

The VCSELs in the first generation of monolithic multi-wavelength VC-
SEL arrays are not high-speed and lack the transverse and polarization mode
filter needed for single transverse and polarization mode emission at high op-
tical power. Linearly polarized SM-VCSELs are needed for efficient coupling
to the SiN waveguides. Therefore, the mode filter technique developed and
successfully demonstrated for 850 nm VCSELs with a semiconductor top-DBR
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(Paper D) should be transferred to the VCSELs with a top dielectric DBR in
the multi-wavelength VCSEL array. In the full semiconductor VCSELs with
a top semiconductor DBR, the mode filter etching is done as the first step.
However, with the dielectric top-DBR, this step has to be implemented later
in the process flow (after intra-cavity phase tuning and dielectric DBR depo-
sition). Another possibility is to use an intra-cavity mode filter. Here, mode
filter integration can possibly be part of the phase tuning process, i.e., the use
of one shallow structure for simultaneous wavelength setting, transverse mode
selection and polarization mode selection, before dielectric DBR, deposition.

Each VCSEL in the array should also be able to operate at a baud-rate of
at least 25 Gbaud, for a 25 Gbit/s NRZ or 50 Gbit/s PAM-4 data rate. This
requires a high-speed design. Therefore, in addition to having a large intrinsic
modulation bandwidth (high differential gain and optimum photon lifetime),
the VCSELs should have low resistance, low capacitance, and low thermal
impedance. The resistance of the VCSELs in the present multi-wavelength
VCSEL arrays, although having an intra-cavity contact, is too high and needs
to be reduced. They also have too high capacitance for high-speed modulation.
This comes from the lack of a thick low-dielectric constant layer under the
p-bond pad. Therefore, a BCB process should be implemented in the next
generation.

Apart from the VCSELs, the SiN-PIC used initially for investigating the
dependence of coupling efficiency on position and angle accuracy of the flip-
chip integration process, and intended for multiplexing and fiber coupling in
the future, can be re-designed for lower insertion loss. The input and output
grating couplers used in Paper E have high coupling loss, about ~9 dB each.
However, with more advanced GC designs, such as an apodized grating with
curved grating lines for improved mode matching and/or a DBR below the
waveguide to redirect light transmitted through the GC, the coupling loss can
be reduced to ~2 dB.

42



Chapter 8

Summary of papers

PAPER A

"Precise setting of micro-cavity resonance wavelength by dry etch-
ing", Journal of Vacuum Science and Technology B, Nanotechnology and Mi-
croelectronics: Materials, Processing, Measurement, and Phenomena, vol. 37(3),
031217, May 2019. DOI: 10.1116,/1.5092192

This paper presents a technique for precise setting of the resonance wavelength
of VCSEL micro-resonators in a post-growth fabrication process. An accuracy
of £2 nm in the wavelength range 1040-1070 nm is achieved by intra-phase
tuning using precise and stable Ar ion-beam etching. The precision in etching
(£1 nm) limits the accuracy in wavelength setting to +1 nm. The difference
is caused by errors in the optical thickness (physical thickness and refractive
index) of the dielectric layers used in the top-DBR and by the inherent non-
uniformity of the epitaxial layer thicknesses. The technique is developed for
the fabrication of monolithic multi-wavelength VCSEL arrays.

My contribution: I did all the fabrication, performed all measurements, and
analyzed the results. I wrote the paper and presented the work at the 21st
International Vacuum Congress (IVC), 2019 (Malmd, Sweden).
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PAPER B

"VCSEL wavelength setting by intra-cavity phase tuning—numerical
analysis and experimental verification", IEEE Journal of Quantum Elec-
tronics, vol. 57, no. 6, 2400307, Dec. 2021. DOI: 10.1109/JQE.2021.3119104

Monolithic multi-wavelength VCSEL arrays, with wavelengths of individual
VCSEL:s precisely set in a post-epitaxial growth process is presented in this pa-
per. A numerical study of the requirements of spectral matching and balancing
of DBR reflectances, optical confinement factor, and optical gain for uniformity
of threshold current and slope efficiency over wavelength with wavelength set
by intra-cavity phase tuning is performed. The requirements are verified by an
experimental demonstration of intra-cavity phase tuned VCSELs in the spec-
tral range 1043-1067 nm with a wavelength spacing of 8 £1 nm enabled by
precise Ar-ion-beam etching. Small variations of threshold current and slope
efficiency are achieved by close to ideal spectral matching and balancing.

My contribution: I did all the fabrication, performed all measurements, did
data analysis, and wrote the paper.

PAPER C

"Monolithic multi-wavelength VCSEL arrays with uniform perfor-
mance by intra-cavity phase tuning", 27th IEEE International Semicon-
ductor Laser Conference (ISLC), Potsdam, Germany, Oct. 10-14, 2021.

Singlemode and multimode monolithic multi-wavelength VCSEL arrays, with
wavelengths of individual VCSELS precisely set in a post-epitaxial growth pro-
cess is studied in this paper. Measurements indicate that VCSELs wavelength
and channel spacings are precisely set, 8 & 1 nm, over the spectral range. For
both singlemode (4 pm oxide aperture) and multimode (10 ym oxide aperture)
VCSELs, there is an excellent uniformity in terms of threshold current and
slope efficiency. Moreover, it was found that the resonance wavelengths red-
shift by only ~1 nm when the oxide aperture diameter increases from 4 to 10

pam.

My contribution: I performed all the fabrication and all measurements. 1
analyzed the results, wrote the paper and presented the work at the 27th
IEEE International Semiconductor Laser Conference (ISLC), 2021 (Potsdam,
Germany).
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PAPER D

"High-power single transverse and polarization mode VCSEL for sil-
icon photonics integration", Optics Express, vol. 27, no. 13, pp. 18892-
18899, Jun. 2019. DOI:101364/OE.27.018892.

In this paper, a sub-wavelength grating mode filter was etched into the surface
of an 850 nm VCSEL for selecting the fundamental transverse mode and pinning
the polarization. A single transverse and polarization mode VCSEL with a
record output power of 6.5 mW, >30 dB suppression of higher order transverse
modes, >20 dB suppression of the orthogonal polarization mode, and narrow
beam divergence of 10° (FWHM) is demonstrated. The VCSEL has the modal
properties and output power required for light source integration on a silicon
photonic integrated circuit.

My contribution: I performed all measurements and data analysis. I co-
authored the paper.

PAPER E

"Angled flip-chip integration of VCSELs on silicon photonic inte-
grated circuits", Manuscript.

An investigation of angled flip-chip integration of a singlemode 850 nm vertical-
cavity surface-emitting laser (VCSEL) on a silicon-nitride (SiN) photonic inte-
grated circuit (PIC) is presented. The VCSEL beam is launched into the SiN
waveguide through a grating coupler (GC). Numerical FDTD simulations are
done to investigate coupling efficiency and optical back reflection in terms of
the VCSEL size and flip-chip angle. Results revealed strong dependence of the
coupling efficiency and optical reflection on the VCSEL size and flip-chip angle.
Furthermore, we also experimentally demonstrate angled flip-chip integration
of GaAs-based 850 nm single transverse and polarization mode VCSELs over
GCs on a SiN PIC. At the output GC, light is either collected by an optical
fiber or converted to a photocurrent using a flip-chip integrated GaAs-based
photodetector (PD). The latter forms an on-PIC optical link. We measured
an insertion loss of 21.9, 17.6 and 20.1 dB with a singlemode fiber, multimode
fiber and PD over the output grating coupler, respectively.

My contribution: I performed all measurements needed to characterize VC-
SEL performance before flip-chip integration. I provided all VCSELSs to our
partner who did the flip-chip integration. After integration, I did all mea-
surements to extract the PIC insertion loss for different optical link schemes,
including VCSEL-SMF, VCSEL-MMF, and VCSEL-PD. I co-authored the pa-
per.
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